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ABSTRACT 
TEMPORAL AND SPATIAL MANAGEMENT TOOLS FOR MARINE 
ECOSYSTEMS: CASE STUDIES FROM NORTHERN BRAZIL AND 
NORTHEASTERN UNITED STATES 
 
SEPTEMBER 2019 
BEATRIZ DOS SANTOS DIAS, B.S., FEDERAL UNIVERSITY OF PARA 
M.S., AUTONOMOUS UNIVERSITY OF BAJA CALIFORNIA SUR 
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Adrian Jordaan 
 
Anthropogenic interventions and actions upon the marine habitat pose threats to a 
range of species of economic and conservation concern. The dynamic nature of marine 
ecosystems offers a difficult challenge to incorporate spatial and temporal distributions of 
different species, and the interactions among species and human activities into a formal 
management framework. Each country has its own priorities when it comes to 
management of the marine resources (e.g. conservation, food security, sustainable 
fisheries, and optimization of revenue). Therefore, a key hurdle is to create tools adequate 
for use within an Ecosystem Approach to Management (EAM) and Ecosystem-based 
Management (EBM) framework, that meet local and regional needs.  
Models can provide insights regarding ecosystems dynamics and generate tools 
for management applications, including the estimation of optimal conditions and 
frameworks, assessing current conditions relative to baselines, exploring the effects of 
potential management decisions and delimiting areas where monitoring efforts of species 
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of concern or “choke species” should be concentrated. The present work focuses on all 
these elements with the aim to provide modeling and visualization capacity to 
management decision making.  
My dissertation had two main objectives, divided in two case studies in distinct 
geographic and data availability settings. The first was to develop spatial models to 
promote the adequate monitoring of species of conservation concern (SOC) within a data-
limited setting in two multiuse marine protected areas (MPAs) in the Amazon Delta, 
Northern Brazil by: 1) collecting SOC available data; 2) developing GIS-based suitability 
models; and 3) generating baseline knowledge for future management strategies of SOCs. 
The second objective was to study alewife (Alosa pseudoharengus) role within a data-
rich setting in the Northeast U.S. large marine ecosystem (NEUS LME) and the Gulf of 
Maine (GOM) marine ecosystem by: 1) developing food-web based ecosystem models; 
2) assessing the impacts of anadromous forage fish restoration; 3) testing riverine and 
marine-based management strategies to promote their recovery. 
For the data-limited studies, I found that extreme data scarcity impeded our ability 
to develop a model for the Environmental Protection Area (EPA) of Algodoal-
Maiandeua, Northern Brazil. However, it allowed us to show preliminary data of sea 
turtles’ observations and fixed fishing gears in the EPA, giving basis to the future 
develop of spatially explicit models. While for the second multiuse MPA, the Soure 
Marine Extractive Reserve (MER), we were able to successfully develop a spatial explicit 
suitability model focused on monitoring priority areas for SOCs. Our results show that 
30% of the MER is under medium, high and extremely high monitoring priority, allowing 
more effective development of monitoring design for SOCs.  
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For the data-rich setting, I found that the full restoration of alewife in the NEUS 
LME could lead to a 50% potential biomass increase for small pelagics, 26% for fisheries 
target species, and approximately 69% for SOCs. This provided a more stable picture for 
the middle trophic level forage species and lead to major potential biomass changes for 
SOCs. I also found that fishing effort reduction alone did little to promote alewife 
recovery in the GOM marine ecosystem. However, when river to ocean connectivity was 
added to fishing effort reductions. The alosine (alewife, blueback herring and American 
shad) group showed a major response. As a whole, my dissertation captures a range of 
management approaches from data-limited to data-rich systems, using modeling 
approaches to optimize decision making. 
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CHAPTER 1 
A BRIEF REVIEW OF SPATIAL AND TEMPORAL MODELS APPLIED TO 
MARINE ECOSYSTEMS 
Introduction 
Few places on earth are free from direct anthropogenic influences (Vitousek 
1997). Currently more than 40% of the human population live within 100 km of the 
ocean (Glavovic et al. 2015), and marine and coastal ecosystems provide approximately 
15% of the protein consumed by the world’s human population (Ruckelshaus et al. 
2013). Marine fisheries are a key component of this contribution; however, 
mismanagement and the lack of effective regulations have caused fish population 
declines  (Essington et al. 2006). More often, the intensification of fishing effort (e.g. 
gear efficiency, days at sea, boat capacity) to achieve the market demand creates conflicts 
including the increase of incidental fisheries or bycatch of species of concern (SOC). The 
interactions among marine species and human activities vary over time and space, 
making effective management efforts challenging to implement and evaluate.  
Management strategies that incorporate ecosystem dynamics are needed, but rare. 
Therefore, the escalating crisis in marine ecosystems can be attributed to a failure of 
governance (Crowder 2006). Many options exist that can be implemented in management 
actions to protect marine ecosystems; however, the ability to make informed management 
decisions, enforce regulations, and evaluate management effectiveness is highly variable 
among countries. Currently, management favors fisheries sectors and similar approaches 
that allocate total fish catch in quotas (as is the case in the U.S.) or by season (as is the 
case in Brazil). Effective governance is tied to enforcement capacity, so that remote areas 
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may have little capacity for management and a more global management approach is 
required (e.g. high seas, Cheung et al. 2017). Regardless, each location will experience 
conditions that require a case-by-case evaluation of the most effective management 
approach.   
To address these challenges of governance, management tools must operate 
within a spatial and temporal context. Overall, management frameworks have been 
shifting towards the incorporation of multi-features. For instance, the implementation of 
marine spatial planning (MSP) seeks to avoid user conflict and improves area-based 
protection and conservation of marine resources (Maes 2008). Additionally, ecosystem-
based management (EBM), fully incorporates human activities and impacts on marine 
ecosystems and ecosystem services (Turnipseed et al. 2009). The approaches are 
complementary and have the aim of achieving sustainable use with low impacts to marine 
resources while promoting continued access to these resources. 
Here we will explore two case studies to assess how static and dynamic 
management tools can be used in both data-limited and data-rich marine systems to 
improve management efforts. For the data-limited system, we focus on two northern 
Brazil multiuse marine protected areas (MPAs), where we led the first efforts to gather 
information regarding species of conservation concern (SOC) or charismatic megafauna 
(sea turtles, river dolphins and manatees) to develop tools that can inform future 
monitoring efforts and MPA development. For the data-rich portion, we focus on 
anadromous forage fish, small pelagic species that live in the marine environment but 
rely on riverine habitats for reproduction. We studied how fragmentation of river systems 
alters their role in marine food webs and developed management scenarios in two 
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systems: 1) The Northeast U.S. large marine ecosystem (NEUS LME) and 2) the Gulf of 
Maine (GOM).  
Marine spatial planning and marine protected areas as conservation tools 
The heterogeneous structure of the seascape offers opportunities for a range of 
human activities. As examples, fisheries are concentrated in areas of high primary 
productivity, petroleum exploitation areas often overlap with complex marine habitat, and 
shipping routes commonly cross important habitat or migratory routes for species of 
concern. Marine Spatial Planning (MSP) was developed to organize the increasing 
anthropic marine activities (e.g. fisheries, wind energy, petroleum and gas exploitation, 
shipping routes, military exercises, protected areas, etc.) and to minimize their impacts to 
marine ecosystems (Douvere 2008).  
Within the MSP framework, marine protected areas (MPAs) have the goal to 
protect habitats that are important for species of interest. Normally they are established in 
hotspots of given species or populations and provide optimal habitat with high levels of 
key resources, such as spawning or feeding grounds. MPAs also contribute to conserving 
the stocks of species of economic interest by protecting important habitat (e.g. clam 
banks, coral reef habitat, etc.). As the number of diverse activities increases in the marine 
environment, protecting such areas is vital to promoting marine ecosystem resistance or 
resilience to disturbance (Crowder & Norse 2008).  
Brazil’s protected areas were designed to achieve these conservation goals and are 
currently managed within the National System of Conservation Unities (SNUC), 
established in the year 2000. The legislation divides the protected areas in two main 
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categories: the first, the Integral Protection Unities (IP), are intended to preserve nature 
and, therefore, only allow indirect use of the natural resources within their boundaries; 
the second, the Sustainable Use Unities (SU), have the objective of promoting the 
conservation and sustainable use of natural resources. The two marine and coastal 
protected areas that will be discussed in the following chapters, the Environmental 
Protection Area (EPA) and the Marine Extractive Reserve (MER) (Figure 1.1), are under 
the sustainable use categories (BRASIL 2011).  
 
Figure 1.1: Marine and coastal conservation unities in the Para State coastal zone. The 
map presents bathymetry contours, and the estuarine and Amazon river plume influence 
areas. The Algodoal-Maiandeua EPA is represented by the red-dotted polygon, the Soure 
MER by the orange-dashed polygon, and the remaining protected areas are designated by 
green-dashes. 
Establishing MPAs is not enough to achieve conservation goals; continuous 
monitoring and enforcement are needed. The aims of the second and third chapters were 
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to collect enough information to design a monitoring strategy focused on sea turtles for 
the Algodoal-Maiandeua EPA, and sea turtles, river dolphins and manatees for the Soure 
MER. With this information, promoting the cost reduction associated with monitoring 
programs is possible. This work was the first mapping exercise considering species of 
concern in the Soure MER. It provides an understanding of coastal land use and forms the 
basis for developing future management efforts in the protected area. Despite ongoing 
conservation projects in the coastal region of Para State, limited personnel and low 
budgets impede effective SOC management. Developing a management tool that can help 
prioritize actions and efforts, within an MSP context, would be beneficial to managers. 
Ecosystem-based management 
The development of new frameworks and models that account for system 
complexity, including species interactions (trophic relations and competition), are 
affected by the physical parameters of a given ecosystem, and together inform the 
advancement and adoption of ecosystem-based management. Evolution from single 
species to ecosystem-based management (EBM) relies on understanding trophic 
interactions among species and disturbances at various temporal and spatial scales (Pauly 
et al. 2002). Therefore, ecosystem-based management targets should set baselines that 
incorporate historical data, analyze interactions among stocks and explore the impact of 
external anthropogenic and environmental drivers.  
In the past three decades, fisheries management has slowly adopted an ecosystem-
based management (EBM) framework to inform how anthropogenic and natural actions 
are affecting the marine ecosystem and species of interest. EBM focusses on improving 
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ecosystem resilience by considering aspects of physical, biological and human 
interactions. When dealing with anadromous fishes, one important physical aspect is the 
connectivity between aquatic systems. River to ocean habitat connectivity allows the 
movement of water, energy, nutrients and organisms (Pringle 2003). Anthropogenic 
driven fragmentation of aquatic ecosystems, primarily through dam construction, have 
impacted nutrient flows and consequently riverine and coastal food webs (Conley et al. 
2000; Freeman et al. 2007). We explored the connectivity between marine and freshwater 
systems to assess to what extent freshwater habitat restoration benefits marine 
ecosystems.  
For anadromous fish, in particular, connectivity between marine and freshwater 
habitats is essential for reproductive success, as they spawn in freshwater habitat 
(Limburg & Waldman 2009). Anadromous alosines such as alewife (Alosa 
pseudoharengus), blueback herring (Alosa aestivalis), and American shad (Alosa 
sapidissima), occupy the coastal mid-trophic level––a key niche in marine food webs. 
These fish species transfer energy from plankton to a diverse range of predators including 
bony fish, elasmobranchs, marine mammals, and sea birds (Fréon et al. 2005). Since 
migrations across large areas transfer energy to adjacent ecosystems. Anadromous fish 
are crucial links among distinct ecosystems. Currently they are species of conservation 
concern, exhibiting steep population declines and low biomass estimates.  
We used ecosystem-based approaches to estimate the marine response to 
anadromous forage fish recovery driven by habitat restoration in three watersheds in 
Northern New England, US. The goal of chapter 4 was to project the ecosystem effects of 
alewife restoration in the Northeast US Large Marine Ecosystem via landscape-based 
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methods (Figure 1.2), by first considering contemporary alewife population estimates, 
and then incorporating historical estimates of alewife biomass  in the same model to 
understand how lost alewife productivity affected this ecosystem. Chapter 5 evaluated 
management strategies that promote anadromous forage fish recovery, by examining 
different levels of fishing effort reduction, and a combination of fishing effort reduction 
and increased riverine habitat connectivity. Understanding potential changes in the 
marine food web due to increased anadromous alosine populations and evaluating trade-
offs in management strategies are fundamental for designing optimal plans to promote 
alosine recovery. 
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Figure 1.2: Map of the study area with New England watersheds data and LME 
ecoregions. The map shows the bathymetric profile of the coastal region. US Exclusive 
Economic Zone (EEZ) is delimitated by thin orange line. The thick orange line represents 
the historical limits of alewife spawning ponds for Massachusetts, New Hampshire and 
Connecticut watersheds. Northeast US ecoregions Gulf of Maine (GOM), Georges Bank 
(GB), Southern New England (SNE), and Middle Atlantic Bight (MAB) are represented 
in the map. 
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CHAPTER 2 
SEA TURTLE RECORDS AT THE ENVIRONMENTAL PROTECTION AREA 
OF ALGODOAL-MAIANDEUA, PARA STATE, BRAZIL 
 
The Para State Coast, in Northern Brazil, is well known for its dynamic 
environment and high primary productivity as the Amazon and Tocantins rivers meeting 
the Atlantic Ocean (de Matos & Lucena 2006). Despite fishermen reports of sea turtle 
occurrence along the coast (Brito et al. 2015), there is a lack of documentation and 
publications regarding sea turtles in the area. The same dynamic features that makes this 
region unique, also present a challenge for the access to remote regions of the littoral 
zone. 
Previous telemetry studies have reported the use of Para State Coast as transit and 
forage area by post-nesting green sea turtles, Chelonia mydas (Baudouin et al. 2015; 
Chambault et al. 2015), loggerhead turtles, Caretta caretta (Marcovaldi et al. 2010), 
hawksbill-loggerhead hybrids, Eretmochelys imbricata and C. caretta (Marcovaldi et al. 
2012), and olive ridley turtles, Lepidochelys olivacea (Silva et al. 2011). All the 
observations highlight the importance of sea turtle monitoring efforts in the area. 
Here we show the first peer reviewed documentation of sea turtles in the 
Environmental Protected Area (EPA) Algodoal-Maiandeua, in the Para State coastal zone 
(Figure 2.1). The EPA Algodoal-Maiandeua is composed by two islands of the same 
name within the Maracanã municipality, in the Amazon Delta (Wariss et al. 2012). The 
EPA status was established in 1990 with the goal to protect natural resources and to 
promote sustainable ecotourism activities (SEMA 2012). The management plan, 
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published in 2012, highlights the possible threats, the importance and the need to 
implement a monitoring program for endangered species (SEMA 2012).  
Figure 2.1: Sea turtle areas of occurrence within APA Algodoal-Maiandeua limits. Insert 
maps shows overall location of the protected area in relation to Para State Coast. 
 
We received the first call reporting the nesting activity on March 16th, 2013. We 
monitored the nest on four occasions: recently after egg laying; mid-development; around 
the predicted day of emergence; and day of emergence (Figure 2.2). After emergence, we 
could confirm that the nest belonged to a hawksbill turtle, with a total of 135 hatchlings 
alive, 4 dead in the nest and 35 eggs without development, among them 10 eggs with 
fungus. 
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Figure 2.2: Princesa Beach hawksbill (Eretmochelys imbricata) nest monitoring stages. a) 
nest monitored 2 days after posture. b) full view of the nest location. c) mid nest 
development monitoring. d-f) day of emergence. 
 
 
Figure 2.3: Juvenile green sea turtle (Chelonia mydas) caught on local weirs during the 
3rd and 4th visits to monitor the hawksbill nest. a-c) Juvenile sea turtle captured on 13 
April 2013. d-f) Juvenile sea turtle captured on 05 May 2013. 
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Figure 2.4: Green sea turtle (Chelonia mydas) remains from two different locations in the 
island. a-e) Juvenile green sea turtle carapaces. f) Sub-adult green sea turtle head with 
preserved skin tissue. 
 
We also observed two alive juvenile green sea turtles during the second and third 
trips to monitor the hawksbill nest. The turtles were caught on different fishing weirs 
(Figure 2.3), and brought to shore, where we could take the morphometric data (Table 
2.1, Figure 2.3). The turtles were released right after the data collection, into areas 
adjacent to where they were caught. 
Table 2.1: Sea turtle records at APA Algodoal-Maiandeua. Sp. = Species, E.i. = 
Eretmochelys imbricata, C.m. = Chelonia mydas, CCL= Curved Carapace Length in 
centimeters, CCW= Curved Carapace Width in centimeters. 
Code Date General 
location 
Lat. Long. Sp. CCL CCW State Develop-
ment 
ALG15
MAR13
-01 
15-Mar-13 Princesa -0.58085 -47.5750 E.i. NA NA alive Adult/ 
nest 
ALG13
ABR13
-01 
13-Apr-13 Weir -0.57807 -47.5886 C.m. 34 30 alive Juvenile 
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ALG05
MAY1
3-01 
5-May-13 Weir -0.59546 -47.5911 C.m. 33.5 31 alive Juvenile 
ALG05
JUN14-
01 
5-Jun-14 Fortalezin
ha 
-0.62414 -47.5403 C.m. 46.7 43.6 shell juvenile 
ALG05
JUN14-
02 
5-Jun-14 Fortalezin
ha 
-0.62414 -47.5403 C.m. 32.5 29.5 shell Juvenile 
ALG05
JUN14-
03 
5-Jun-14 Fortalezin
ha 
-0.62414 -47.5403 C.m. 34.2 30 shell Juvenile 
ALG05
JUN14-
04 
5-Jun-14 Fortalezin
ha 
-0.62414 -47.5403 C.m. 37.7 33.3 shell Juvenile 
ALG05
JUN14-
05 
5-Jun-14 Fortalezin
ha 
-0.62414 -47.5403 C.m. 37 33.9 shell Juvenile 
ALG06
JUN14-
01 
6-Jun-14 Furo 
Velho 
-0.58751 -47.5869 C.m. NA NA head Adult/ 
subadult 
 
During the last trip, June 2014, we also visited the village of Fortalezinha, located 
on the southeast portion of the Island. On this visit we documented and measured 5 
conserved sea turtle carapaces. They were reported as stranded on the surrounding areas, 
however the exact date they were found remains unknown (Figure 2.4a-e). Another 
evidence of a green sea turtle remains was reported by a local fisherman during our last 
visit to the Island in 2014. He reported that the carcass was found near Furo Velho tidal 
channel (Figure 2.1). However, he only saved the head, which based on size belonged to 
a sub-adult or adult green sea turtle (Figure 2.4f).   
The present note shows evidences of sea turtles’ presence in APA Algodoal-
Maiandua in Para State. It is important to recognize that the monitoring effort was 
entirely self-funded, which resulted in punctuated and non-standardized sampling 
occasions. We would like to bring awareness regarding the presence of sea turtles within 
the APA Algodoal-Maiandeua protected area, and urge that studies be carried out to 
understand the complexity of use in the area by sea turtles of distinct species and life 
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stages. Improving research and monitoring will allow a better accounting of the uses of 
this protected area for nesting and foraging and inform conservation efforts on the region. 
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CHAPTER 3 
IDENTIFICATION OF PRIORITY MONITORING AREAS FOR SPECIES OF 
CONCERN USING GIS-BASED FUZZY MODELS: THE CASE OF SOURE 
MARINE EXTRACTIVE RESERVE ON THE AMAZON COAST 
Introduction 
Efficient monitoring of resources is key to successful conservation practices, yet 
this need is exacerbated by the limited funding designated for conservation (Nichols and 
Williams, 2006). In the case of threatened species, such as sea turtles, manatees and river 
dolphins, where global conservation trends are discouraging (Abreu-Grobois and Plotkin, 
2008; Casale and Tucker, 2017; da Silva et al., 2018; Deutsch et al., 2008; Marmontel et 
al., 2016; Mortimer and Donnelly, 2008; Secchi et al., 2018; Seminoff, 2004; Wallace et 
al., 2013), local-scale management and conservation measures offer timely 
encouragement. However, lack of information regarding species’ status, occurrence and 
main threats poses conservation challenges.  
Marine protected areas (MPAs) have been utilized as a measure to conserve 
biological diversity, protect marine resources and species of concern and identify critical 
habitat under a conceptual framework positing that benefits will accrue in adjacent areas 
as populations within the protected space expand and become available via spillover (Di 
Lorenzo et al., 2016). Although MPAs are widely used in marine spatial planning to 
mitigate human impacts on marine ecosystems (Allison et al., 1998), their ecological 
performance is strongly linked to available personnel and financial capacity (Gill et al., 
2017). In developing nations, MPAs can be compromised by budget cuts and limited 
human resources (Bovarnick et al., 2010; Gill et al., 2017). This increases the need to 
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develop cost-effective monitoring programs to evaluate their effectiveness as 
conservation tools. This is particularly important as MPAs vary in their application from 
full no-take reserves to extractive reserves that balance economic and ecological 
priorities. Extractive reserves are generally designed, through grassroots and stakeholder-
driven process, to offer a balance between sustainable use of natural resources by local 
human populations, and protection and conservation of species of concern. 
In Brazil, protected areas are designated as Conservation Unities (CUs). They range 
from total no-take to multiuse areas focusing on the local population’s extractive economic 
activities. Multiuse protected areas were designed to increase the recognition of traditional 
communities and to ensure the sustainable use, conservation and protection of the natural 
systems, resources and wildlife within the area (Nobre et al., 2017). Artisanal fishers were 
the major advocates for the development of most marine federal multiuse protected areas, 
or MERs (Schiavetti et al., 2013) such as our case study––Soure MER in Northern Brazil. 
Grass-roots movements along the Northern coast demanded conservation practices to 
support small-scale economic activities bolstering the subsistence of local communities 
(Glaser and da Silva Oliveira, 2004).  Soure MER’s creation was based on the needs of the 
traditional communities of coastal Soure, who were concerned about predatory fishing 
activities led by fishers from other regions of the State. Although the protected area was 
created in November 2001, ICMBio/MMA just published the management plan for Soure 
MER in July 2018. 
Beyond the creation of different use zones, the management plan identified the 
primary resources and fundamental values (RFVs), which consist of specific 
characteristics and attributes that are linked to Soure MER’s core purpose. When it comes 
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to the species of concern (SOCs), the identified RFV is ‘the rich interaction between the 
Amazon and the sea’, due to the myriad of ecosystems that host a diversity of species, 
including endangered river dolphins, sea turtles, and manatees (Ministério do Meio 
Ambiente 2018).  The management plan identified the main threats to this specific RFV 
as: 1) illegal harvest of sea turtle eggs; 2) harvest of marine and terrestrial wildlife; 3) 
incidental capture, or bycatch, of species of conservation concern (e.g. sea turtles, 
manatees, dolphins, and sharks); and 4) use of low selectivity fishing gear. Lack of data 
on the spatial extent and risk of these activities is undercuts threat mitigation and impedes 
successful MPA application.   
To rectify the lack of information regarding SOC and formulate initial monitoring 
actions, the current study aimed to identify areas of monitoring priority within Soure MER, 
enabling cost reduction in these programs. We obtained all the available information, then 
developed habitat suitability models based on fuzzy set theory (Zadeh, 1965). Fuzzy logic 
goes beyond the binary “true” or “false” categorization, allowing elements to belong to one 
or more categories, called fuzzy sets (Jones and Cheung, 2017). As most of our data were 
derived from fishers’ reported observations, we used fuzzy logic as a means to account for 
uncertainty regarding people’s spatial perceptions, since these tools mitigate data poor 
situations. For many marine and aquatic organisms, data availability is a common 
occurrence due to low detectability, and the expansive marine environment challenges 
management capabilities (MacLeod et al., 2008). 
This work is the first effort to map SOC priority areas in Soure MER, thus providing 
an understanding of coastal spatial use and a basis for developing future studies in the 
protected area. Despite conservation interest in the region, Soure MER has limited 
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personnel and financial capacity and would benefit greatly from a tool to help prioritize 
management actions and efforts. The aim of this paper was to: (1) map fishing activities 
occurring within and adjacent to Soure MER; (2) map information regarding species of 
concern within and adjacent to the MER; (3) develop spatially explicit suitability models 
using a fuzzy logic framework to identify priority monitoring areas for SOC.  
Methodology 
Study Area 
Para State, located on the Brazilian Amazon and part of the North Platform Large 
Marine Ecosystem, is known for its high primary productivity (Schiavetti et al., 2013). 
This ecosystem is dominated by the influence of sediment deposition by the Amazon 
River, North Brazil current circulation, and the largest continuous mangrove strip in the 
world (extending from Pará to Maranhão) (Souza-Filho et al., 2009). Collectively, its 
oceanographic, geomorphologic and biologic features make Para a unique and productive 
environment (Dominguez, 2009). The state brings in approximately 20% of Brazilian 
marine and estuarine landings (MMA, 2011), supporting the livelihood of 26.2% of the 
registered fishers in Brazil (Ministério da Pesca e Aquicultura, 2012). Our study was 
conducted on the eastern coast of Marajo Island in Soure MER (Figure 3.1). Marajo is 
part of the archipelago of the same name situated in the Amazon River delta 
(Francisquini et al., 2014). This fluvio-marine island is the largest fresh water island in 
the world due to the high discharge of the Amazon and Para rivers (Cohen et al., 2008). 
Marajo Island  is not only part of Soure MER, it is also part of the Marajo Archipelago 
Environmental Protection Area (Sousa et al., 2013). The MER was implemented to focus 
on mangrove resource protection, specifically the extraction of mangrove crabs (Ucides 
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cordatus). Including mangrove crab extraction, coastal artisanal fisheries are an important 
economic driver in this area (Lobato et al., 2014).  
 
Figure 3.1: Map of the study area. The main panel shows the Soure MER boundaries in a 
solid orange line. The survey effort during the 2014 expedition is shown in solid and 
dashed black lines. The main bio-geomorphologic features are the mangrove forest, in 
green, sandy beach in light blue, and intertidal zone in beige. Anthropic features are 
villages in light red and the town of Soure in dark red. ICMBio headquarters and the 
limits of the scientific expedition are represented by black dots. The map also shows the 
bathymetric profile of the area. Insert maps show Para State and Marajo Island.  
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With 296.1 km2 of total area, Soure MER includes mangrove forests, sandy 
beaches, intertidal plains and water areas (Figure 3.1). Currently, 1,298 families registered 
with the ICMBio (Ministério do Meio Ambiente, 2018) perform subsistence fishing and 
extractive activities there. The recently published management plan proposed establishing 
a 10 km buffer zone with an area equivalent to 829 km2, as well as three types of use areas: 
intensive, extensive and preservation zones (Ministério do Meio Ambiente, 2018) (Figure 
3.2). The use areas were defined according to management objectives and in consideration 
of existing use by the local community. With a total area of 125.4 km2, the intensive zone 
encompasses the local communities and fisher’s villages and is composed by two polygons. 
This zone allows the maintenance and installation of infrastructure to support local tourism 
activities that are consistent with existing codes. In addition, it allows the deployment of 
fixed fishing gear, such as weirs and stationary nets. The extensive use zone has a total area 
of 88.2 km2; it was designated as the main extractive area within the MER. Only temporary 
structures to support extractive activities are permitted and the deployment of fixed fishing 
gear is prohibited. Lastly, the preservation zone, with a total area of 79 km2, was designated 
as fully closed to any anthropogenic interference.  
Data Collection 
ICMBio/Soure MER provided human activity data, which consisted of fisheries 
gear type and location and coastal land use (e.g. Fixed gear types, Figure 3.2 and Table 
A.1 in Appendix A), and geomorphologic features data (Figure 3.2). We did not include 
geomorphologic features data in the suitability model due to inadequate information 
about the effects of these features on SOC observations. We collected the SOC 
information in two steps in mid-June 2014 (during the wet to dry season transition). In 
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the first step, sea turtle sighting information was collected under ICMBio/Soure MER 
supervision during a non-structured participatory mapping exercise with local fishers at 
the Soure fish market, who pointed out approximate SOC locations. The participatory 
mapping exercise was limited to spatial information, as the fishers could not provide 
temporal information (specific dates of sea turtle sightings). The second step consisted of 
a four-day scientific survey on foot along 60 km of beach from Amoroso Cape to the Ceu 
community, and by boat to the ICMBio office via the Paracauari River, which consisted 
of one transect (Figure 3.2). Inclement weather and tidal cycles impeded foot traffic on 
the beach, so we surveyed this transect only once. The area presents a semi-diurnal meso 
and macro tidal pattern, with tidal heights of 4.2 meters (Prestes et al., 2017). During 
participatory mapping and surveying, we collected data on in-water sea turtle sightings 
(unknown species), sea turtle nesting activity (Lepidochelys olivacea, n=2, Figure 3.2, 
Table A.2 in Appendix A), observations of a large Pink dolphin feeding aggregation (Inia 
spp., n ≅ 100) and stranded Guiana dolphins (Sotalia sp., n= 6, Figure 3.2, Table A.3 in 
Appendix A). We also collected and identified intertidal vegetation from tidal inlets 
(n=8), to determine if the species found there are diet items for manatees (Trichechus 
spp., Figure 3.2) based on the literature (Silveira 1988; Spiegelberger & Ganslosser 2005; 
Lins et al. 2014).  
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Figure 3.2: Soure MER’s zoning plan and data points. The map shows the Soure MER 
zoning plan. The three main fishing gear types are fixed gillnets, represented by yellow 
lines on shore, weirs represented by orange dots near shore, and gillnets and longlines 
deployed by boat in coastal waters, represented by beige dots. SOCs are represented by 
their silhouettes. The map also shows the bathymetric profile of the area. ICMBio 
headquarters and the limits of the scientific expedition are shown by black dots. Light 
blue lines indicate the bathymetric profile of the coastal ocean. 
Model 
GIS-based habitat suitability models are widely used for marine habitat planning, 
as exemplified by the delimitation and implementation of MPAs (Valavanis et al., 2008) 
and MPA zoning (Habtemariam and Fang, 2016). However, few studies focus on 
prioritization of SOC monitoring areas, and this trend is amplified in data poor regions, 
such as our study area. Often, uncertainty around fisheries and sightings report data rule 
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out the use of methodologies where boundaries are well defined. To address the issue, we 
used a fuzzy logic approach to create a suitability study to identify priority areas for SOC 
monitoring within Soure MER. Fuzzy theory is applied to circumstances where 
imprecision and vagueness occur. It replaces sharp boundaries between classes with the 
concept of membership or degree of truth (Hattab et al., 2013). However, this approach 
should not be mistaken for probability, which refers to the likelihood of an event occurring. 
We used ArcMap (ArcGIS 10.4.1) to map SOC sightings and data collected in the field. 
We mapped the occurrence of sea turtles based on local fishers’ reports (n=9), and two 
olive ridley nests encountered during the beach survey. We also mapped the occurrence of 
Guiana dolphin carcasses (Sotalia guianensis, n=6) and a pink dolphin (Inia spp.) feeding 
aggregation documented by our team at the mouth of Paracauari river (n=1). For the 
manatees, we drew polygons to define intertidal vegetation pastures using satellite imagery 
taken on Sep. 6, 2011 (ESRI DigitalGlobe -vivid), with in situ confirmation, and collected 
vegetation samples to define suitable areas for manatee forging. In addition, we mapped 
fishing boat location data (n = 74) to understand the spatial overlap of the different 
variables and select information relevant to the suitability model (Figure 3.3). We then 
excluded areas not affected by the tidal regime as well as highly dense mangrove areas, 
where the likelihood of encountering aquatic species was low. 
The models were assembled in the Model Builder interface of ArcMap using the Spatial 
Analyst toolbox. For documentation purposes, the models were exported in Python script 
format (Appendix A). Analysis consisted of the following steps: (1) we transformed all 
shapefiles to WGS1984 with the Projected Coordinate System in UTM zone 22S; (2) we 
used the Euclidean Distances separating each feature (or data point) to generate distance 
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intervals and create rasters for the fuzzification process; (3) we assigned fuzzy 
memberships to each shapefile feature (e.g. stationary fishing gears, fishing grounds, 
species of concern reports and sightings); (4) then, we divided the fuzzy membership 
outputs into three categories: fisheries, in water SOC information, and beach SOC 
information; and (5) we ran a fuzzy overlay analysis of each group category and generated 
gradient-based suitability maps. The overlay analysis merge different factors of the model 
(Mesgari et al., 2008); (6) then, we used the defuzzification process to isolate the different 
priority areas of our analysis. As the final output, the defuzzification process analyzes the 
combined memberships to produce a precise value (Liu and Lai, 2009; Silvert, 2000), or in 
our case a defined spatial area.  
As our suitability analysis assumed that the highest membership would be found in 
our features, we assigned the sigmoidal function “fuzzy small” to designate where the 
smaller, or nearest input values were more likely to be members of the set. In this case, 
areas in closer proximity to point and polygon features define the areas with high priority 
for monitoring (ESRI, 2016). The fuzzy small function is represented by the following 
equation: 
𝜇(𝑥) = 1 (1 + (𝑥 𝑓2⁄ )
𝑓1)⁄  
(Equation 1) 
where f1 is the spread and f2 is the midpoint (a user-defined value with a fuzzy membership 
of 0.5). To establish the midpoint of each feature we resorted to home range studies for sea 
turtles (Chambault et al., 2017, 2016; Hart et al., 2013; Schofield et al., 2010), small 
cetaceans (Flores and Bazzalo, 2004; Moreira Junior, 2017; Oshima and Santos, 2016) and 
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manatees (Castelblanco-Martínez et al., 2013; Normande et al., 2016) (SI Table 4). To 
establish the fisheries’ areas of influence we used the available information regarding 
major mobile fishing gear types (Silva, 2004) and the lengths of stationary gillnets and 
weirs used within Soure MER and adjacent areas (Table A.4 in Appendix A). The spread 
was set to 10, as we assumed higher steepness departing from the midpoint, designating a 
rapid decrease in membership with increasing distance to the midpoint (Figure 3.3). Thus, 
any point that deviated from the midpoint would have a lower probability of belonging to 
the given fuzzy membership. 
We then applied the overlay functions types in two steps, for the three categories 
mentioned above (fisheries, beach and nearshore SOC information). For fisheries we used 
the Fuzzy OR function: 
𝜇𝑂𝑅 = 𝑀𝑎𝑥(𝜇𝐺𝐿 , 𝜇𝑊, 𝜇𝑆𝐺 )  
(Equation 2) 
where 𝜇𝑂𝑅  is the calculated fuzzy membership function, 𝜇𝐺𝐿  is the membership value for 
the gillnets and longlines layer, 𝜇𝑊  is the membership value for the weirs layer, and 𝜇𝑆𝐺  
is the membership value for the stationary gillnets layer. This overlay type returned the 
maximum value of the sets, as we wanted to identify the highest membership value for 
the fisheries inputs. 
For beach and nearshore SOC information, we applied the Fuzzy SUM overlay 
type, represented by: 
𝜇𝑆𝑈𝑀 = 1 − (∏ (1 − 𝜇𝑖))
𝑛
𝑖=1   
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(Equation 3) 
where the calculated fuzzy membership function is the complement of the Fuzzy Product, 
and 𝜇𝑖 is the membership function for the i
th layer. The type function adds more strength 
to the combined values, as compared with single points of evidence, which conforms to 
our goal of identifying priority monitoring areas for the SOCs in the region. 
For the second fuzzy overlay step we used the Fuzzy Gamma function, given by 
the equation: 
𝜇𝛾 = [(1 − (∏ (1 − 𝜇𝑖))
𝑛
𝑖=1 )
𝛾 ∙ (∏ 𝜇𝑖
𝑛
𝑖=1 )
𝛾]  
(Equation 4) 
where the first term is the Fuzzy SUM and the second is the Fuzzy Product, γ is the gamma 
value ranging from 0 to 1. The default γ value is 0.9. The closer γ is to 1, the more the 
combination assumes Fuzzy SUM attributes; the closer γ is to 0, the more it assumes Fuzzy 
Product attributes (ESRI, 2016). This allows more flexibility in the analysis. Then, we 
changed gamma function values to run a sensitivity analysis to test how different values 
would affect the high and extremely high priority monitoring areas. We chose to focus on 
results with a gamma of 0.85 and greater, since lower gamma values returned areas that 
were more constrained.  
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Figure 3.3: Conceptual model for the fuzzy habitat suitability analysis. 
Results 
We documented the first sea turtle nesting activity on the Northeast Marajo Island 
coast and the first incidence of Guiana dolphins stranded between Ceu and Amoroso 
Cape. From eight vegetation samples we obtained seven plant species (Table 3.1). All the 
collected plant species, except for Entada polyphylla, were documented in the diet of T. 
manatus diet (Silveira 1988; Spiegelberger & Ganslosser 2005; Lins et al. 2014; 
Rodrigues 2018).  
Table 3.1: Vegetation identification to determine manatee habitat suitability, based on 
published habitat suitability and diet studies. VS stands for vegetation sample. 
ID Family Plant species Lat. Long. Date Location Autor 
VS1 Acanthacea
e 
Avicennia 
germinans (L.) L 
-0.3588 -48.3942 6/14/2014 Tidal inlet Silveira, 1988 
VS1 Celastracea
e 
Hippocratea 
volubilis L. 
-0.3588 -48.3942 6/14/2014 Tidal inlet Spiegelberger 
and Ganslosser, 
2005 
VS1 Combretac
eae 
Laguncularia 
racemosa (L.) 
c.f. Gaertn. 
-0.3588 -48.3942 6/14/2014 Tidal inlet Silveira, 1988; 
Spiegelberger 
and Ganslosser, 
2005 
 28 
 
VS1 Fabaceae Machaerium 
lunatum ( L. F. ) 
Ducke 
-0.3588 -48.3942 6/14/2014 Tidal inlet Spiegelberger 
and Ganslosser, 
2005 
VS1 Fabaceae Entada 
polyphylla 
Benth. 
-0.3588 -48.3942 6/14/2014 Tidal inlet - 
VS2 Lythraceae Crenea maritima 
Aubl. 
-0.3419 -48.3898 6/14/2014 PEPEÚA Lins et al., 2014 
VS2 Combretac
eae 
Laguncularia 
racemosa (L.) 
c.f. Gaertn. 
-0.3419 -48.3898 6/14/2014 PEPEÚA Silveira, 1988; 
Spiegelberger 
and Ganslosser, 
2005 
VS3 Combretac
eae 
Laguncularia 
racemosa (L.) 
c.f. Gaertn. 
-0.4390 -48.4513 6/15/2014 Tidal inlet Silveira, 1988; 
Spiegelberger 
and Ganslosser, 
2005 
VS4 Aizoaceae Sesuvium 
portulacastrum 
L. 
-0.4200 -48.4448 6/15/2014 Tidal inlet Rodrigues, 2018 
VS5 Aizoaceae Sesuvium 
portulacastrum 
L. 
-0.5294 -48.4785 6/16/2014 INVIRERA Rodrigues, 2018 
VS6 Acanthacea Avicennia 
germinans (L.) L 
-0.5398 -48.4801 6/16/2014 TARUMÃ Silveira, 1988 
VS6 Acanthacea Avicennia 
germinans (L.) L 
-0.5398 -48.4801 6/16/2014 TARUMÃ Silveira, 1988 
VS6 Acanthacea Avicennia 
germinans (L.) L 
-0.5398 -48.4801 6/16/2014 TARUMÃ Silveira, 1988 
VS6 Lythraceae Crenea maritima 
Aubl. 
-0.5398 -48.4801 6/16/2014 TARUMÃ Lins et al 2014 
VS6 Fabaceae Machaerium 
lunatum ( L. F. ) 
Ducke 
-0.5398 -48.4801 6/16/2014 TARUMÃ Spiegelberger 
and Ganslosser 
(2005) 
VS6 Aizoaceae Sesuvium 
portulacastrum 
L. 
-0.5398 -48.4801 6/16/2014 TARUMÃ Rodrigues, 2018 
VS7 Lythraceae Crenea maritima 
Aubl. 
-0.5647 -48.4765 6/16/2014 TARUMÃ/ 
TURÉ 
Lins et al., 2014 
VS8 Acanthacea Avicennia 
germinans (L.) L 
-0.5563 -48.4765 6/16/2014 TARUMÃ Silveira, 1988 
VS8 Combretac
eae 
Laguncularia 
racemosa (L.) 
c.f. Gaertn. 
-0.5563 -48.4765 6/16/2014 TARUMÃ Silveira, 1988; 
Spiegelberger 
and Ganslosser, 
2005 
The final defuzzified suitability maps illustrated five categories of SOC 
monitoring areas: no priority, and low, medium, high and extremely high priorities. The 
sensitivity analysis showed that choice of gamma value causes distinct differences in 
Fuzzy overlay results (Figure 3.4). For extremely high priority areas, the difference 
between gamma values of 0.85 and 0.9 is 35.5 km2, and between gamma values of 0.9 
and 0.95, the difference is 33 km2 (Figure 3.4). For high priority areas, the differences are 
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196 km2 and 318 km2 between gamma values of 0.85 and 0.9, and 0.9 and 0.95, 
respectively. Differences in the suitability maps for medium priority areas are 851 km2 
between gamma values of 0.85 and 0.9, and 237km2 between values of 0.9 and 0.95. As 
we were interested in assigning the minimum extent to high and extremely high priority 
areas, we chose a gamma value of 0.85 for our final suitability analysis. 
Figure 3.4: Sensitivity analysis results. a) Defuzzified results of the sensitivity analysis 
using three gamma values 0.85, 0.9, and 0.95. b) Histogram showing differences between 
the distinct Fuzzy overlay gamma values. 
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Using a gamma value of 0.85 resulted in 27.9 km2 of the total 296.1 km2 area 
falling under extremely high monitoring priority, 24.4 km2 under high priority, and 28.5 
km2 under medium priority––9.4, 8.2 and 9.6 % of the total area, respectively (Figure 
3.5). The buffer zone contained 15% of the medium monitoring priority area, and 1.9% of 
high priority area, but only 0.3% of extremely high priority area. Considering proposed 
management area type as defined in the plan, the model shows that 2.5% of the area in 
the intensive use zone falls under medium priority monitoring category, while high 
priority and extremely high priority comprise 1.5 and 0.9 %, respectively (Figure 3.5, 
Table 3.2). For the extensive use zone, the model returned medium, high and extremely 
high monitoring priority areas comprising 16.7, 14.6 and 23.9 % of the total area (Figure 
3.5, Table 3.2). For the preservation zone, 7.6% of the 79.1 km2 total area was classified 
as extremely high monitoring priority, while 12.7% was classified as high priority and 
14.4% as medium priority (Figure 3.5, Table 3.2). 
Table 3.2: Suitability model areas under each management zone for Soure Marine 
Extractive Reserve. 
 
Total Area (km2) Extreme High (km2) High (km2) Medium (km2) 
Intensive zone 125.361665 1.174246 1.849285 3.077992 
Extensive zone 88.241354 21.121815 12.857329 14.706857 
Preservation zone 79.099959 6.014795 10.078906 11.400461 
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Figure 3.5: Suitability map using a gamma value of 0.85. In addition to the different 
monitoring priority area categories, the map shows the three use zones established by the 
Soure MER administration. 
 
Discussion and Conclusion 
This study developed a suitability model to identify and prioritize areas of 
monitoring need for sea turtles, Guiana and pink dolphins, and manatees within Soure 
MER in Para State, northern Brazil. The suitability model identified extremely high and 
high monitoring priority areas for SOC concentrated within the reserve’s coastal limits, 
as well as some areas within the newly proposed buffer zone. Moreover, 30% of the 
extremely high and high priority areas for these flagship species lie in the combined 
extensive and preservation use zones. We acknowledge the limitations of the study in 
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providing information regarding species distribution, considering the study period and 
data availability. However, the results fulfilled our goals of delimitating the best areas in 
which to start a monitoring program to obtain more information, increasing the spatial 
extent of monitoring as resources are available to Soure MER. This study provides a 
concrete method of tiering monitoring and management efforts across key priority areas, 
allocating limited resources to an area much smaller than the entire Soure MER.  
Multiuse protected areas in Brazil were designed to increase recognition of 
traditional communities and ensure the sustainable use, conservation and protection of 
natural systems, resources and wildlife within their boundaries (Nobre et al., 2017). Soure 
MER was created based on the needs of the traditional communities of coastal Soure, 
who were concerned about predatory fishing activities by fishers coming into the area 
from other regions of the State. Although the MER was created in November 2001, the 
management plan was only published in July 2018 after a three-year deliberative process.  
Beyond establishing the different use zones, the management plan identified major 
resources and fundamental values (RFVs), which consists of specific characteristics and 
attributes that are linked to Soure MER’s core purpose. When it comes to the SOC, the 
identified RFV is ‘the rich interaction between the Amazon and the sea’, which creates 
myriad ecosystems that host a diversity of species, including estuarine dolphins, 
endangered sea turtles and manatees (Ministério do Meio Ambiente, 2018).  The 
management plan identified the main threats to this specific RFV as: (1) illegal harvest of 
sea turtle eggs; (2) harvest of marine and terrestrial wildlife; (3) incidental capture, or 
bycatch, of species of conservation concern (e.g. sea turtles, manatees, dolphins and 
sharks); and (4) use of low selectivity fishing gear. Data scarcity combined with limited 
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resources for monitoring and enforcement impeded the development of actions that could 
mitigate those threats. However, employing fuzzy logic methods allows for prioritizing 
future efforts, particularly in such resource-limited and data-poor settings. Our results 
show the relevance of monitoring Soure MER’s extensive and preservation areas, where 
most fishing activities occur. 
The presence of sea turtle nesting activity on the extensive beaches and the 
suitable habitats for manatees within the tidal channels of Soure MER highlights the need 
to establish a monitoring program within the extensive use and preservation zones, 
starting with the highest priority zones. The Brazilian National Action Plan for sirenian 
conservation (PAN Sirenia) recognizes the importance of the Northern Brazil littoral for 
both species of manatees (T. inunguis and T. manatus) (Andrade et al., 2011). Previously, 
it was believed that Soure MER and its surroundings offered low habitat diversity and 
food resources for T. manatus (Sousa et al., 2013), but our survey identified sources of 
productivity and possible food resources for manatees.  In addition, the presence of 
Guiana dolphin carcasses and sea turtles within fishing areas indicates that fisheries 
bycatch could be leading to SOC mortalities. While troubling, this provides an 
opportunity to explore fisheries-wildlife interactions and address bycatch interactions 
within the extensive use zone. Soure MER employees will lead monitoring efforts within 
the preservation zone, and the model presented here could provide a way to prioritize 
monitoring areas. This process could offer incentive to fishers to be involved in the 
monitoring process, thereby affording an opportunity to develop a co-management 
monitoring plan.  
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We developed the suitability model to identify high priority areas in Soure MER 
in which to start an SOC monitoring program. Our study generated the first ever 
assessment of SOC habitat within Soure MER and provided important preliminary 
prioritization recommendations. However, the lack of currently available information 
may compromise our model, and result in the exclusion of important, but unknown high 
priority areas for these species. However, our modeling framework is intentionally 
flexible. As more data is incorporated, its capacity to identify high priority areas will 
increase. Fuzzy logic frameworks have been successfully applied in other data poor 
conservation prioritization projects, such as identifying habitats favorable for deployment 
of artificial anti-trawling reefs (Hattab et al., 2013), and is also adaptable to other areas of 
concern. As local extinctions of megafauna continue, it is critical to provide alternatives 
for regions where financial resources are constrained in order to develop the appropriate 
monitoring of species of conservation concern. 
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CHAPTER 4 
OPENING THE TAP: INCREASED RIVERINE CONNECTIVITY 
STRENGTHENS MARINE FOOD WEB PATHWAYS 
Introduction 
Small pelagic finfish, characterized by extraordinary, yet highly variable 
abundance, are vital components of global food webs (Pikitch et al. 2014). In the North 
Atlantic, these so-called forage fish make long migrations along the continental shelf in 
large schools of conspecifics (e.g., Atlantic menhaden [Brevoortia tyrannus],(Munroe 
2000)) or among mixed species (e.g., Atlantic herring [Clupea harengus], mackerel 
[Scomber scombrus] and river herring (Bethoney et al. 2014)). They feed almost 
exclusively on planktivorous organisms as juveniles, and most add small invertebrates 
and fishes to their diets as adults. At all life stages, forage fish transfer primary 
production to higher trophic levels as they are consumed by diverse marine predators, 
including bony fish, elasmobranchs, marine mammals, and seabirds (Fréon et al. 2005).  
Ecosystem connectivity, the movement of energy, inert material, nutrients and 
organisms across physical or biological system boundaries, enhances the function and 
health of aquatic ecosystems (Pringle 2001, 2003). Forage fish add substantially to 
ecosystem connectivity by translocating nutrients along migratory highways in their 
seasonal processions from spawning grounds to feeding grounds. Occupying distinct 
habitats as temporary inhabitants of coastal and marine ecosystems, pulses of prey 
species enrich successive food bases along the way (Willis et al. 2016), simultaneously 
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providing trophic and geographic connectivity, and supporting vital coastal and offshore 
fisheries. 
Historical records and recent research correlate the seasonal occurrence of forage 
fish species to the movements and habitat preferences of cod and other groundfish (Ames 
& Lichter 2013; Richardson et al. 2014). It should not be surprising, then, that loss of 
forage species is associated with marine ecosystem decline. Deficient quantity and 
quality of the forage base have been linked to apex predator’s poor physical condition, 
low productivity, and the failure of population recovery after depletion events (Rose & 
O’Driscoll 2002; Golet et al. 2013). Along with global warming, spatiotemporal 
mismatch with lipid-rich prey may reduce even more the productivity in highly valuable 
fished populations, such as the Gulf of Maine’s Atlantic cod stocks (Gadus morhua), 
exacerbating their decline, or impairing their recovery (Guan et al. 2017). The recent 
recovery of capelin (Mallotus villosus), a lipid-rich forage species, spurred growth in 
Newfoundland’s cod stocks, depressed since the mid-1990s (Rose & Rowe 2015). As 
warming waters continue to shift the spatial range and timing of fish migrations, 
mismatches caused by reduced predator and prey overlap becomes more frequent (Selden 
et al. 2018).  
Whereas questions remain about the importance of single predator-prey linkages 
in driving productivity across larger ecosystems (Hilborn et al. 2017), complex life 
histories likely contribute consistency to predator-prey relationships(Trippel et al. 2015; 
Furey & Hinch 2017). For instance, capelin have two spawning modes, both of which 
contribute to stock productivity (Penton et al. 2012, 2014). Forage species that spawn in 
freshwater or brackish estuaries and marshes only enter the marine food web after their 
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eggs and larvae develop into juvenile fish, and thus they may play complementary, but 
different ecosystem roles compared to marine spawners like Atlantic herring. 
River herring, anadromous alosines including alewife (Alosa pseudoharengus) 
and blueback herring (Alosa aestivalis), are coastal forage species that spend most of 
their lives at sea, where schools of adults often merge with larger schools of mature 
Atlantic herring and mackerel (Bethoney et al. 2014; Turner et al. 2016, 2017). Every 
year, however, most return to fresh water to spawn in natal grounds (Bowden 2014).  
Extreme abundance of these fish in the Northeast US Large Marine Ecosystem (LME) 
(Figure 4.1) and their annual transition between fresh- and saltwater, ensured a strong 
flow of energy between marine and upland ecosystems (Mattocks et al. 2017) and 
abundant forage for predators, particularly where rivers join the sea. However, river 
herring stocks throughout the LME were depleted as dams impeded or blocked upwards 
of 95% of freshwater spawning habitat compared to pre-colonial conditions (Mcdermott 
et al. 2015; Mattocks et al. 2017). Linkages between marine and freshwater systems 
unraveled (Hall et al. 2012) as these key prey species became functionally extinct 
throughout most of their range.  
Current interest in the status of alewives and the success of dam removal and 
improved fish passage in increasing alewife abundance, particularly in Maine 
(McClenachan et al. 2015; Watson et al. 2018), encouraged us to test, via ecosystem 
modeling, the impacts of increasing anadromous forage fish populations on marine food 
webs. First, we estimated potential alewife production in three Maine watersheds 
(Androscoggin, Kennebec, and Penobscot) based on the spawning habitat potentially 
available to them. Then, we employed that estimate in an Ecopath with Ecosim model 
 38 
 
framework to assess how significantly increasing forage might impact predators in the 
Northeast US (NEUS) LME (Figure 4.1). We built two EwE models for comparison. The 
Contemporary Alosine Biomass (CAB) model reflects actual ecosystem conditions in the 
year 2000 (Figure 4.2). The Restored Alosine Biomass (RAB) model incorporates 
estimated alewife production on the three watersheds before 1600, prior to dam 
construction (Figure 4.1). Because alewives spawn far inland and are sensitive to river 
fragmentation and other environmental alterations (Hall et al. 2011), the RAB scenario 
assumes that adult biomass scales linearly with access to spawning habitat. Specifically, 
the objectives were: 1) to quantify estimates of biomass change for managed species 
targeted by fisheries or are species of concern; 2) to quantify changes in biomass flows 
from middle to upper trophic levels; 3) to provide context for the role of anadromous 
forage fish in the NEUS LME, the historical loss, and the impacts of river restoration on 
marine ecosystems. 
Rather than match the spatial extent of our models to the spatial scale of our 
historical estimates (the Gulf of Maine), we chose instead to model the entire NEUS 
LME. The approach conforms to modern stock assessment methods and management 
where population assessments are generally conducted over the whole range of a species 
or stock (within national boundaries). Alewife stocks extend from Labrador to North 
Carolina (Palkovacs et al. 2014), and Gulf of Maine populations are likely to occupy a 
broader region throughout the NEUS LME during the three to four years of full marine 
occupancy. Restoration goals were established based on data from the second half of the 
20th century (Pinnegar & Engelhard 2008), as they were intended for other managed 
marine species within the LME. Setting restoration targets to recent baselines neglect 
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both the historical productivity of individual species and the system productivity derived 
from trophic integrity and connectivity and in this case a long history of habitat loss 
undermining these key aspects.  
Evolution from single species to ecosystem-based management (EBM) requires 
understanding trophic interactions and anthropogenic disturbances across variable 
temporal and spatial scales (Pauly et al. 2002). Here, we employ a novel deployment of 
EwE to explore the value of increasing forage species abundance, including 
consequences on predators, improvements to environmental health, delivery of ecosystem 
services, and human well-being. 
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Figure 4.1: Map of the study area and sub-regions included in both models. This map 
shows the bathymetric profile of the coastal region, and NEUS LME ecoregions: The 
Gulf of Maine (GOM), Georges Bank (GB), Southern New England (SNE), and Middle 
Atlantic Bight (MAB). The limits of the tan region also represent the US Exclusive 
Economic Zone (EEZ). 
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Figure 4.2: Flow diagram of the Contemporary Alosine Biomass model. The color 
gradient represents the direction of flow; different life stages are represented by small (S), 
medium (M) and Large (L). Functional groups are ordered by trophic level. Grey bubbles 
represent all functional groups, the pink bubble in bold letters represents anadromous 
alosine, and orange bubbles represent fishing fleets. 
Methodology 
Species of Interest 
To assess the impacts of a potential increase in forage fish biomass on the marine 
environment, we focused on alewife (A. pseudoharengus). Alewife is the flagship species 
within the anadromous alosine group for several reasons. Due to spawning habitat 
preferences, they are most vulnerable to changes in river connectivity, but they are also 
good indicators of the health of other anadromous species that spawn in rivers and the 
upper bounds of estuaries (Mattocks et al. 2017; Song et al. 2019) . Moreover, they have 
the highest potential for population restoration among anadromous species (Barber et al. 
2018), and have been the most responsive to increases in spawning habitat after dam 
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removal. Unlike menhaden or Atlantic herring, which support managed fisheries and are 
considered to be at adequate population levels, alewife is a candidate for protection under 
the US Endangered Species Act (NOAA n.d.), and catching the fish is banned throughout 
much of their US range, except for the State of Maine. Concerted state and federal efforts 
are underway to restore access to spawning habitat along alewife’s range, including the 
three major watersheds considered here.   
Our study is based on previous work by Hall et al. (Hall et al. 2011) and Mattocks 
et al. (Mattocks et al. 2017), where they focused on alewife historic spawning habitat 
(lakes and ponds) and productivity rates for the species, however they did not provide 
comparable estimates for blueback herring and American shad, therefore we exclude the 
biomass reconstruction for these species under the anadromous alosines group. Since 
2013, NOAA’s National Marine Fisheries Service has been committed to working with 
the Atlantic States Marine Fisheries Commission to fill data gaps regarding the biology 
of alewives and blueback herring, yet aspects of blueback herring ecology and biology 
remain unknown. We acknowledge that modeling a single species in the anadromous 
alosine group is underestimating the full benefits of fish passage. Nevertheless, this 
underestimation helps ensure that our results are conservative in scope. Our analysis was 
motivated to understand the consequence of increasing alewife biomass in the NEUS 
LME.  
The Ecosystem Modeling Approach 
We built two ecosystem models using the Ecopath with Ecosim framework (EwE 
6.0,(Christensen & Walters 2004)) to assess and quantify ecosystem-level biomass 
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changes resulting from alosine biomass restoration. Originally developed to address 
questions regarding ecosystem structure, dynamics and external drivers, such as fishery 
harvest (Christensen & Pauly 1992; Walters et al. 1997; Walters 1999), the mass-balance 
ecotrophic model represents the ecosystem as functional groups or nodes (different 
species, ontogenetic phases or groups with the same ecological importance) connected by 
trophic relationships. Our model, based on Ecopath, the core routine of EwE, provides a 
static snapshot of a “closed” ecosystem, where no imports with adjacent ecosystems were 
considered (Polovina 1984; Libralato et al. 2006). The links between the nodes represent 
trophic interactions estimated from published diet studies. Thus, diet composition 
determines energy and matter flow throughout the system in each time period. Ecopath’s 
main equation takes the following form: 
𝑃𝑖 = 𝐵𝑖 ∙ 𝑀2𝑖 + 𝑌𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖 + 𝑃𝑖 ∙ (1 − 𝐸𝐸𝑖 ) 
(Equation 1) 
where, for a given group (i), Pi is production, Bi is biomass, M2i is the total predation 
mortality rate for group (i), Yi is the total fishery catch rate, Ei is net-migration rate, BAi is 
biomass accumulation rate for (i), EEi is ecotrophic efficiency (the proportion of the 
production used in the system), and Pi.(1-EEi) represents the rate of other sources of 
mortality for (i) (Christensen et al. 2008).  
The following equation expresses the relationship between predator and prey: 
𝐵𝑖 ∙ 𝑀2𝑖 = ∑(𝐵𝑗 ∙ (𝑄 𝐵)⁄ 𝑗
𝑛
𝑗=1
∙ 𝐷𝐶𝑗𝑖) 
(Equation 2) 
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where the biomass times the predation mortality of prey (i) equals the sum across all the 
predators (j) of the predator biomass Bj times the consumption per unit biomass of (j) 
(Q/B)j times the fraction of prey group (i) in the diet of predator group (j) DCji (Zhang & 
Chen 2007). The Ecopath modeling framework assumes that consumption equals 
production plus respiration and unassimilated food. This equation is the representation of 
mass-balanced hypothesis. 
These two main equations yield the following full linear equation for a given period. 
Equation 1 can be rewritten as: 
𝐵𝑖 ∙ (𝑃 𝐵⁄ )𝑖− ∑ 𝐵𝑗
𝑛
𝑗=𝑖
∙ (𝑄 𝐵⁄ )𝑗 ∙ 𝐷𝐶𝑗𝑖 – (𝑃/𝐵)𝑖 ∙ 𝐵𝑖 ∙ (1 − 𝐸𝐸𝑖) − 𝑌𝑖 − 𝐸𝑖 − 𝐵𝐴𝑖 = 0 
(Equation 3) 
or 
𝐵𝑖 ∙ (𝑃 𝐵⁄ )𝑖 ∙ 𝐸𝐸𝑖 −  ∑ 𝐵𝑗
𝑛
𝑗=𝑖
∙ (𝑄 𝐵⁄ )𝑗 ∙ 𝐷𝐶𝑗𝑖 − 𝑌𝑖 − 𝐸𝑖 − 𝐵𝐴𝑖 = 0 
(Equation 4) 
where (P/B)i is the production of the functional group (i) per unit of biomass (Christensen 
& Walters 2004; Heymans et al. 2007; Zhang & Chen 2007; Christensen et al. 2008).  
The ecotrophic efficiency term EEi is solved by equation 5: 
𝐸𝐸𝑖 = (𝑌𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖 + 𝑀2𝑖 ∙ 𝐵𝑖)/𝑃𝑖 
(Equation 5) 
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The ecotrophic efficiency varies between 0 and 1 and can be expected to approach 
1 for groups with high predation and exploitation pressures; this value is used here for 
tuning the model. For groups where EE value is superior to 1, the remainder of 
parameters should be tuned during the model parametrization, also known as the 
balancing process (Christensen et al. 2008). EwE’s multistanza function accounts for the 
ontogenetic differences between life stages. We first built a fully balanced model using 
the multistanza approach. However, we forewent utilizing this feature. Instead, we 
conserved ontogenetic groups as different nodes to simplify comparing changes in 
biomass in the two models. To calculate production for each age node, we used the 
following trophic and growth-based production model (Gascuel et al. 2008),  
𝑃 𝐵⁄ = 2.56 𝜏−.78𝐾 .7𝑒(.02∗𝜃) 
(Equation 6) 
where Ʈ is the trophic level (calculated by the first model using the multistanza approach 
from diet data information), K is the von Bertalanffy growth parameter of each species, 
and θ is water temperature, which we estimated using the mean temperature from each 
species' spatial range in the NEUS LME (Table B.5 in Appendix B). As described by the 
equations above, the Ecopath’s main input parameters are B, P/B, Q/B, EE and diet 
regimes. Not all the parameters used to construct an Ecopath model need to be entered; 
therefore, missing parameters will be estimated by the model using the balanced sets of 
equations.  
Functional Groups 
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The models were based on four EwE Models built for the Energy Modeling and 
Analysis eXercise (EMAX) project (Link et al. 2006, 2008) with the NOAA Northeast 
Fisheries Science Center (NEFSC) data. The EMAX models presented an average of 36 
functional groups per region, with low taxonomic resolution. To create our baseline 
model (CAB), we averaged EMAX inputs and expanded the functional groups to achieve 
higher taxonomic resolution. We separated key ecological or economically important 
species into different ontogenetic groups and resulted in a total of 59 functional groups 
(Table 4.1). 
Table 4.1: Functional groups input parameters sources for the Contemporary Alosine 
Biomass (CAB) model for the NEUS LME. Inputs parameters are Biomass (B), the 
production-biomass ratio (P/B) and the consumption-biomass ratio (Q/B), output 
parameters calculated by EwE are Trophic level (TL), Ecotrophic Efficiency (EE) and the 
production-consumption ratio (P/Q), signaled in bold. Input data documentation is found 
in the S1 File. 
Node Group name TL B (t.km-2) P/B (y-1) Q/B (y-1) EE P/Q (y-1) 
1 Phytoplankton 1.00 20.13 180.69  0.58  
2 Bacteria 2.00 3.83 91.25 182.50 0.88 0.50 
3 Microzooplankton 2.22 3.16 72.00 242.42 0.54 0.30 
4 Copepods S 2.10 7.81 42.58 127.75 0.98 0.33 
5 Copepods L 2.23 7.63 48.52 109.50 0.90 0.44 
6 Gelatinous Zooplankton 2.93 1.01 37.97 145.33 0.67 0.26 
7 Micronekton 2.73 7.65 14.25 85.50 0.79 0.17 
8 Macrobenthos polychaete 2.34 14.68 2.51 17.50 0.98 0.14 
9 Macrobenthos crustaceans 2.62 5.90 3.06 21.00 0.79 0.15 
10 Macrobenthos mollusks 2.28 8.34 2.04 13.95 0.94 0.15 
11 Macrobenthos others 2.48 8.90 2.02 16.06 0.95 0.13 
12 Megabenthos filters 2.11 3.00 3.94 16.51 0.20 0.24 
13 Megabenthos others 2.97 4.50 1.90 9.53 0.63 0.20 
14 Shrimp 2.80 1.96 1.00 5.00 0.50 0.20 
15 Mesopelagic 3.27 0.15 0.65 1.83 0.75 0.36 
16 Atlantic herring 3.51 6.20 0.62 4.59 0.61 0.14 
17 Anadromous alosines 3.40 0.08 1.30 9.40 0.90 0.14 
18 Atlantic menhaden S 2.50 1.58 1.50 15.86 0.54 0.09 
19 Atlantic menhaden M 2.64 2.88 0.93 7.01 0.50 0.13 
20 Atlantic menhaden L 2.78 0.49 0.90 4.38 0.86 0.21 
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21 Anchovies 3.70 2.32 3.00 10.90 0.76 0.28 
22 Mackerel 3.83 0.77 0.39 1.98 1.00 0.20 
23 Squid 3.71 1.06 0.98 2.70 0.83 0.36 
24 Butterfish 3.59 0.90 1.27 1.98 0.42 0.64 
25 Small pelagics 3.37 0.29 0.97 4.00 0.89 0.24 
26 Bluefish S 4.36 0.05 0.51 18.11 0.94 0.03 
27 Bluefish M 4.44 0.06 0.51 3.53 0.67 0.14 
28 Bluefish L 4.64 0.19 0.49 1.93 0.14 0.25 
29 Striped bass S 3.99 0.07 0.25 23.27 0.78 0.01 
30 Striped bass M 4.05 0.37 0.25 6.35 0.19 0.04 
31 Striped bass L 4.23 0.29 0.24 3.19 0.20 0.08 
32 Weakfish S 4.07 0.16 0.45 13.52 0.92 0.03 
33 Weakfish M 4.28 0.30 0.43 4.22 0.09 0.10 
34 Weakfish L 4.35 0.04 0.42 2.45 0.48 0.17 
35 Dogfish S 4.06 0.47 0.25 1.47 0.79 0.17 
36 Dogfish L 4.09 2.70 0.24 0.61 0.07 0.40 
37 Atlantic cod S 3.63 0.03 0.48 6.91 0.81 0.07 
38 Atlantic cod M 3.92 0.08 0.46 3.49 0.96 0.13 
39 Atlantic cod L 4.19 0.08 0.43 2.26 0.96 0.19 
40 Haddock 3.69 0.60 0.45 3.00 0.45 0.15 
41 Hake 3.81 0.83 1.12 3.85 0.64 0.29 
42 Croaker 3.59 0.82 0.45 0.91 0.33 0.50 
43 Yellowtail flounder S 3.60 0.04 1.07 4.41 0.17 0.24 
44 Yellowtail flounder L 3.49 0.11 1.10 2.90 0.46 0.38 
45 Summer flounder S 4.25 0.03 0.56 4.41 0.64 0.13 
46 Summer flounder L 4.54 0.18 0.53 2.90 0.48 0.18 
47 Skate 3.83 1.66 0.45 2.40 0.29 0.19 
48 Demersal benthivores 3.62 2.05 0.45 0.91 0.96 0.50 
49 Demersal piscivores 4.13 0.55 0.55 1.21 0.95 0.45 
50 Demersal omnivores 3.96 1.50 0.45 0.81 0.87 0.55 
51 Medium pelagic 4.54 0.12 0.45 1.84 0.06 0.24 
52 Coastal sharks 4.53 0.02 0.20 1.25 0.95 0.16 
53 Pelagic sharks 4.59 0.02 0.11 0.69 0.32 0.16 
54 Large pelagics (HMS) 4.31 0.07 0.58 6.79 0.83 0.09 
55 Pinnipeds 4.49 0.04 0.08 5.50 0.25 0.01 
56 Baleen whales 3.47 0.46 0.04 3.22 0.03 0.01 
57 Odontocetes 4.49 0.06 0.04 14.30 0.60 0.00 
58 Seabirds 4.27 0.01 0.28 9.32 0.42 0.03 
59 Detritus 1.00 52.61   0.51  
Model Scenarios 
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We developed EwE models of the Northeast US LME to explore the potential 
marine ecosystem effects of increasing anadromous alosine biomass by reestablishing full 
river to ocean connectivity on the three Northern New England Watersheds: the 
Androscoggin, Kennebec, and Penobscot river systems (total of 1.280 km2 of lake/pond 
area). Both the Contemporary Alosine Biomass Model (CAB) and the Restored Alosine 
Biomass Model (RAB) were built with the same spatial structure, encompassing the full 
range of alewife (Figure 4.1) in the NEUS LME: the Gulf of Maine, Georges Bank, 
Southern New England, and Middle Atlantic Bight (246,662 km2). However, RAB 
assumed restored alewife biomass based on historical landscape estimates in Mattocks et 
al. (Mattocks et al. 2017), which resulted in a biomass input of 137,637 mt for the 
anadromous alosine group. The CAB model anadromous alosine group biomass estimate 
used was 0.08 t.km-2, while RAB estimate was 0.63 t.km-2. Thus, it reflects the potential 
habitat expansion on these Northern New England Watersheds (Figure 4.1). 
Analysis Timeframe 
The models use the year block 2000 as the reference point for biomass, 
consumption, production, diets, mortality and fishing mortality. This year block, 
comprising the years 1996 to 2000, was chosen for use in the four EMAX Models due to 
the amount of available data. 
Data Sources 
To build our baseline model of current conditions (CAB), we used sources 
including EMAX Model raw input data, EMAX model balanced results, NEFSC trawl 
surveys, stock assessments, and scientific literature. Our initial Ecopath parameter inputs 
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(Biomass, Production, Consumption, and Diets) came from weighted averages of the 
combined regions of the EMAX models. Using these weighted averages, we calculated 
total biomass estimates for the Northeast US LME area. The same process was applied to 
calculating production. Since consumption was based on the amount of food ingested by 
a population relative to its biomass (in a given year, (Palomares & Pauly 1989)), the 
consumption biomass (Q/B) ratio was consistent among all EMAX regions. For diet data, 
we used raw inputs from EMAX and from the Virginia Institute of Marine Science Fish 
Food Habits database, which were modified during the balancing process (S1 File). Pre-
balancing was performed with PREBAL pre-balancing methodology (Link 2010) (Figure 
B.1 in Appendix B), and balancing followed the guidelines in Heymans et al. (Heymans 
et al. 2016). Once the CAB model was balanced, we generated the flow diagram (Figure 
4.2) using the ecopath_matlab toolbox (Kearney 2017). 
The model representing conditions without dams (RAB) was built in two steps. 
First, we applied alewife historical productivity data based on landscape estimates that 
assumed full river to ocean connectivity for the Northern New England Watersheds. 
These estimates were derived from Mattocks et al. (Mattocks et al. 2017) and Hall et al. 
(Hall et al. 2011), who calculated declining alewife production in lakes and ponds 
throughout New England from the year that dams began to obstruct the rivers. The total 
lake/pond area (km2) and the total length of pre-dammed rivers provide the total 
historical alewife spawning habitat (Figure 4.1). Both studies based habitat loss on 
species-specific spawning habitat preferences. Since alewife prefers spawning in still 
water, we calculated total un-dammed lake and pond area in square kilometers (km2).  
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For the second step of the RAB model, we defined small pelagics and forage fish, 
and analyzed diet information to identify all functional groups that presented trophic 
interactions with anadromous alosine and other forage fish groups. We used the 
ecotrophic efficiencies from the CAB model to calculate new biomass estimates for the 
key functional groups that incorporate the additional historical alewife biomass in the 
anadromous alosine group (Alewife A. pseudoharengus, blueback herring A. aestivalis, 
and American shad A. sapidissima).  
We analyzed the impacts on the marine environment of increasing forage fish 
biomass, in the form of alewives (Alosa pseudoharengus) within the alosine functional 
group, by first calculating lost alosine productivity due to river impediment. Using 
methods in Mattocks et al.(Mattocks et al. 2017) and Hall et al. (Hall et al. 2011), we 
estimated the potential young of the year (YoY) productivity. The average YoY alewife 
density in 18 ponds, determined by field surveys, was applied to the total accessible pond 
and lake area for the three Northern New England watersheds, 
𝑁𝑡 = 𝐴 ∙ 𝐷𝑌   
(Equation 7) 
where Nt is the potential number of alewife YoY produced before emigration to the 
marine habitat, DY is the YoY density of sampled lacustrine habitat (number of fish∙km-2), 
and A is the total pond and lake area within watersheds. 
An exponential model of population growth was used to estimate subsequent 
alewife year classes, 
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 𝑁𝑡+1 = 𝑁𝑡 𝑒
−𝑍 
(Equation 8) 
to predict the abundance of alewives at years two, three and four. N is the number of fish 
at time t, and Z is the annual instantaneous (total) mortality rate of 0.8 (Hall et al. 2012). 
After hatching, alewives spend part of their first summer in their natal freshwater nursery 
habitat, and migrate to coastal waters through the summer and fall of their first year 
(Iafrate & Oliveira 2007; Gahagan et al. 2010). Thus, we could estimate total biomass 
using the resulting abundance and mean biomass at age (Tables B10-11 in Appendix B). 
For fish in the 4+ age class, we used the mean weight shown in Hall et al. (Hall et al. 
2011). For other age classes, we calculated weight using the fork length-weight (in 
grams) relationship (Bozeman Jr & Avyle 1989), 
𝑊 = 2.42 ∙ 10−6 ∙ 𝐹𝐿3.34 
(Equation 9) 
where FL (in mm) is fork length. FL data came from the Maryland Department of Natural 
Resources (MDNR) in a long-term dataset collected since 1989.  
Both models had 59 functional groups (S1 File) determined by ecological role and 
trophic level. The Contemporary Alosine Biomass (CAB) model used biomass (B), 
consumption (Q/B), production (P/B), and diets (DC) from stock assessments, NEFWS 
trawl survey, and fishbase.org. The model estimated Ecotrophic efficiency (EE). As 
input, the Restored Alosine Biomass (RAB) model employed the potential alewife 
biomass of the Northern New England Watersheds fully connected to the ocean. Using 
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EE, P/B, Q/B as input parameters allowed the model to calculate the biomass of various 
species of economic and conservation interest, except for apex predator functional 
groups, for which EE approximated zero (Table 4.2) (Heymans et al. 2016). We verified 
our estimates by running the RAB model biomass outputs and alosine restored biomass 
as our input parameters to confirm that we obtained the same EE for both models. We 
assumed that the EE parameter for anadromous alosine would remain high after biomass 
reconstruction for alewife, as they are a forage fish. During the balancing process for 
RAB model, we modified the diets to account for the increase of anadromous alosine 
biomass. We also increased the biomass for macrobenthos polychaetes, crustaceans and 
others to accommodate the increase in biomass of their predators (S1 File). 
Table 4.2: Functional groups input parameters sources for the Restored Alosine Biomass 
(RAB) model for the NEUS LME. Inputs parameters are the production-biomass ratio 
(P/B), the consumption-biomass ratio (Q/B), and Ecotrophic Efficiency (EE) from CAB 
model. Output parameters calculated by EwE are Trophic level (TL), Biomass (B) and 
the consumption-production ratio (P/Q), signaled in bold. 
Node Group name TL B (t.km-2) P/B (y-1) Q/B (y-1) EE P/Q (y-1) 
1 Phytoplankton 1.00 20.13 180.69  0.58 
 
2 Bacteria 2.00 3.83 91.25 182.5 0.90 0.50 
3 Microzooplankton 2.22 3.16 72.00 242.42 0.55 0.30 
4 Copepods S 2.10 7.81 42.58 127.75 0.82 0.33 
5 Copepods L 2.23 7.63 48.52 109.50 0.92 0.44 
6 Gelatinous Zooplankton 2.93 1.01 37.97 145.33 0.69 0.26 
7 Micronekton 2.62 7.65 14.25 85.50 0.85 0.17 
8 Macrobenthos polychaete 2.33 14.92 2.51 17.50 0.93 0.14 
9 Macrobenthos crustaceans 2.55 6.30 3.06 21.00 1.00 0.15 
10 Macrobenthos mollusks 2.28 8.34 2.04 13.95 0.84 0.15 
11 Macrobenthos others 2.47 9.39 2.02 16.06 0.79 0.13 
12 Megabenthos filters 2.11 3.00 3.94 16.51 0.23 0.24 
13 Megabenthos others 2.87 4.50 1.90 9.53 0.80 0.20 
14 Shrimp 2.78 3.02 1.00 5.00 0.50 0.20 
15 Mesopelagic 3.25 0.27 0.65 1.83 0.75 0.36 
16 Atlantic herring 3.44 10.41 0.62 4.59 0.61 0.14 
17 Anadromous alosines 3.36 0.63 1.30 9.40 0.90 0.14 
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18 Atlantic menhaden S 2.50 2.02 1.50 15.86 0.54 0.09 
19 Atlantic menhaden M 2.64 3.39 0.93 7.01 0.50 0.13 
20 Atlantic menhaden L 2.78 0.84 0.90 4.38 0.86 0.21 
21 Anchovies 2.98 3.28 3.00 10.90 0.76 0.28 
22 Mackerel 3.68 1.16 0.39 1.98 1.00 0.20 
23 Squid 3.64 2.10 0.98 2.70 0.83 0.36 
24 Butterfish 3.56 0.90 1.27 1.98 0.88 0.64 
25 Small pelagics 3.32 0.69 0.97 4.00 0.89 0.24 
26 Bluefish S 3.94 0.05 0.51 18.11 0.94 0.03 
27 Bluefish M 4.13 0.06 0.51 3.53 0.67 0.14 
28 Bluefish L 4.49 0.19 0.49 1.93 0.14 0.25 
29 Striped bass S 3.72 0.08 0.25 23.27 0.78 0.01 
30 Striped bass M 3.84 0.37 0.25 6.35 0.19 0.04 
31 Striped bass L 3.98 0.29 0.24 3.19 0.20 0.08 
32 Weakfish S 3.74 0.21 0.45 13.52 0.93 0.03 
33 Weakfish M 3.86 0.30 0.43 4.22 0.11 0.10 
34 Weakfish L 3.97 0.04 0.42 2.45 0.49 0.17 
35 Dogfish S 4.01 0.80 0.25 1.47 0.79 0.17 
36 Dogfish L 4.04 2.70 0.24 0.61 0.15 0.40 
37 Atlantic cod S 3.57 0.07 0.48 6.91 0.81 0.07 
38 Atlantic cod M 3.87 0.15 0.46 3.49 0.97 0.13 
39 Atlantic cod L 4.14 0.18 0.43 2.26 0.96 0.19 
40 Haddock 3.64 0.60 0.45 3.00 0.61 0.15 
41 Hake 3.71 1.25 1.12 3.85 0.64 0.29 
42 Croaker 3.53 0.82 0.45 0.91 0.38 0.50 
43 Yellowtail flounder S 3.54 0.04 1.07 4.41 0.25 0.24 
44 Yellowtail flounder L 3.46 0.11 1.10 2.90 0.47 0.38 
45 Summer flounder S 4.07 0.09 0.56 4.41 0.64 0.13 
46 Summer flounder L 4.37 0.40 0.53 2.90 0.48 0.18 
47 Skate 3.76 1.66 0.45 2.40 0.43 0.19 
48 Demersal benthivores 3.54 2.62 0.45 0.91 0.96 0.50 
49 Demersal piscivores 4.05 0.85 0.55 1.21 0.95 0.45 
50 Demersal omnivores 3.89 2.84 0.45 0.81 0.87 0.55 
51 Medium pelagic 4.45 0.12 0.45 1.84 0.07 0.24 
52 Coastal sharks 4.41 0.02 0.20 1.25 0.95 0.16 
53 Pelagic sharks 4.49 0.05 0.11 0.69 0.32 0.16 
54 Large pelagics (HMS) 4.06 0.07 0.58 6.79 0.83 0.09 
55 Pinnipeds 4.36 0.06 0.08 5.50 0.25 0.01 
56 Baleen whales 3.43 0.46 0.04 3.22 0.04 0.01 
57 Odontocetes 4.34 0.46 0.04 14.30 0.60 0.003 
58 Seabirds 4.23 0.01 0.28 9.32 0.42 0.03 
59 Detritus 1.00 52.61   0.53 
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Niche Overlap and Ecological Network Analysis  
Niche overlap analysis can describe a variety of niche partitioning, in the EwE 
approach it is focused on the trophic relationships (Christensen et al. 2008). We 
generated niche overlap plots focusing on the forage fish species, to evaluate how the 
input of alosine biomass changes the niche for the group when compared to other species. 
The niche overlap plots contrast and assign a degree of overlap by pairing species based 
on the trophic interactions, and are given by prey overlap index, which shows whether the 
two groups are consuming the same food resource, and predator overlap index, which 
demonstrates if the two groups are preyed by same predators. 
Ecological Network Analysis (ENA) is widely used to compare Ecopath models 
(Heymans et al. 2016). We ran ENA to better understand the structure and function of the 
NEUS LME under contemporary and restored anadromous alosine scenarios. These 
include trophic level decomposition and keystoneness analysis.  
The trophic level decomposition analysis breaks the continuous trophic levels of a 
functional group into discrete trophic levels sensu Lindeman according to Ulanowicz’s 
approach (Ulanowicz 1995; Christensen & Walters 2004). The analysis shows how many 
discrete trophic levels each functional group belongs to, and the amount of biomass 
attributed to each discrete trophic level. It calculates the fractions of the flow from each 
trophic level through each model group. For example, if an animal has 40% of its diet 
coming from primary producers, and 60% of it diet coming from first-order carnivores, 
the corresponding fractions of the flow are attributed to both the herbivore and first 
consumer levels (Christensen et al. 2008). We were particularly interested in what trophic 
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level decomposition analysis reveals about how biomass and energy flowed through the 
trophic network and how biomass transfer differs between trophic levels in each scenario. 
The “keystoneness index” refers to a continuous ranking of all functional groups 
according to the importance of their proximity to a keystone role within the marine 
ecosystem (Libralato et al. 2006). All groups present a degree of keystoneness. However, 
few have a keystone role in the ecosystem. We ran a keystoneness analysis (KS1, 
(Libralato et al. 2006)) comparing the two models to determine whether the changes in 
biomass indicate differences in the keystone ranking of each functional group, in 
particular the anadromous alosine. 
Results 
In the RAB scenario, alosine biomass increased by 137,637 metric tons over the 
study area, based on production from the three Northern New England watersheds 
assumed to be fully connected to the sea (Table 4.3, Fig 4.3). Thirty-three of the 
functional groups’ biomasses were left to be estimated by RAB model (Table 4.2), 
resulting in 3,603,452 metric tons increase in total biomass over the CAB model, 
excluding the alosine biomass input. Impacted species were grouped in broader 
categories as follow: forage species, piscivorous fish, invertebrates and vertebrates 
(sharks and other species of conservation concern). Besides the anadromous alosine 
group, the forage species category included mesopelagics (e.g. Maurolicus sp.), Atlantic 
herring, the three size classes of Atlantic menhaden (Brevoortia tyrannus), anchovies 
(e.g. Ancho sp.), Atlantic mackerel (Scomber scombrus), butterfish (Peprilus 
triacanthus), and other small pelagics (e.g. Ammodytes sp.). Butterfish was the only 
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forage species in RAB which the biomass was not calculated by the RAB model (Table 
4.2). For the entire forage species, there was total biomass increase of 1,957,052 metric 
tons or 50.7%.  
Table 4.3: Differences in biomass between the CAB and RAB models. 
Node Group name 
CAB 
Biomass 
in habitat 
area 
(t/km²) 
CAB 
Biomass 
(mt) 
RAB 
Biomass 
in habitat 
area 
(t/km²) 
RAB 
Biomass 
(mt) 
Difference 
between 
models (mt) 
Rate of 
increase 
(%) 
1 Phytoplankton 20.13 4965306 20.13 4965306 no change - 
2 Bacteria 3.83 943975 3.83 943975 no change - 
3 Microzooplankton 3.16 779699 3.16 779699 no change - 
4 Copepods S 7.81 1926184 7.81 1926184 no change - 
5 Copepods L 7.63 1882771 7.63 1882771 no change - 
6 Gelatinous Zooplankton 1.01 249869 1.01 249869 no change - 
7 Micronekton 7.65 1887951 7.65 1887951 no change - 
8 
Macrobenthos 
polychaete 
14.68 3621491 14.92 3680197 58705.556 1.6 
9 
Macrobenthos 
crustaceans 
5.90 1454319 6.30 1552984 98664.8 6.8 
10 Macrobenthos mollusks 8.34 2057161 8.34 2057161 no change - 
11 Macrobenthos others 8.90 2195045 9.39 2316132 121086 5.5 
12 Megabenthos filters 3.00 739246 3.00 739246 no change - 
13 Megabenthos others 4.50 1109486 4.50 1109486 no change - 
14 Shrimp 1.96 483458 3.02 744499 261042 54.0 
15 Mesopelagic 0.15 37246 0.27 67672 30426 81.7 
16 Atlantic herring 6.20 1528349 10.41 2568447 1040098 68.1 
17 Anadromous alosines 0.08 18746 0.63 156384 137637 734.2 
18 Atlantic menhaden S 1.58 389953 2.02 497511 107557 27.6 
19 Atlantic menhaden M 2.88 709874 3.39 835916 126042 17.8 
20 Atlantic menhaden L 0.49 120376 0.84 206011 85635 71.1 
21 Anchovies 2.32 572244 3.28 808649 236404 41.3 
22 Mackerel 0.77 190916 1.16 285025 94108 49.3 
23 Squid 1.06 261955 2.10 517432 255477 97.5 
24 Butterfish 0.90 221502 0.90 221502 no change - 
25 Small pelagics 0.29 71532 0.69 170676 99144 138.6 
26 Bluefish S 0.05 11100 0.05 13444 2344 21.1 
27 Bluefish M 0.06 14553 0.06 15160 607 4.2 
28 Bluefish L 0.19 47606 0.19 47930 324 0.7 
29 Striped bass S 0.07 16325 0.08 19978 3653 22.4 
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30 Striped bass M 0.37 90113 0.37 91250 1138 1.3 
31 Striped bass L 0.29 71047 0.29 72099 1052 1.5 
32 Weakfish S 0.16 38233 0.21 52428 14195 37.1 
33 Weakfish M 0.30 74739 0.30 74739 no change - 
34 Weakfish L 0.04 8880 0.04 8880 no change - 
35 Dogfish S 0.47 116295 0.80 197361 81066 69.7 
36 Dogfish L 2.70 665987 2.70 665987 no change 0.0 
37 Atlantic cod S 0.03 6559 0.07 18429 11870 181.0 
38 Atlantic cod M 0.08 20620 0.15 36221 15602 75.7 
39 Atlantic cod L 0.08 20801 0.18 43216 22416 107.8 
40 Haddock 0.60 148737 0.60 148737 no change - 
41 Hake 0.83 203989 1.25 308565 104575 51.3 
42 Croaker 0.82 201210 0.82 201210 no change - 
43 Yellowtail flounder S 0.04 10827 0.04 10827 no change - 
44 Yellowtail flounder L 0.11 27417 0.11 27417 no change - 
45 Summer flounder S 0.03 7385 0.09 21288 13904 188.3 
46 Summer flounder L 0.18 43273 0.40 97531 54258 125.4 
47 Skate 1.66 408226 1.66 408226 no change - 
48 Demersal benthivores 2.05 506644 2.62 646985 140341 27.7 
49 Demersal piscivores 0.55 134677 0.85 210712 76035 56.5 
50 Demersal omnivores 1.50 369993 2.84 701726 331733 89.7 
51 Medium pelagic 0.12 29846 0.12 29846 no change - 
52 Coastal sharks 0.02 4415 0.02 4620 204 4.6 
53 Pelagic sharks 0.02 3947 0.05 11233 7287 184.6 
54 Large pelagics (HMS) 0.07 17266 0.07 17401 135 0.8 
55 Pinnipeds 0.04 8633 0.06 14516 5883 68.1 
56 Baleen whales 0.46 114451 0.46 114451 no change - 
57 Odontocetes 0.06 14800 0.46 113977 99177 670.1 
58 Seabirds 0.01 1727 0.01 2989 1262 73.1 
59 Detritus 52.61 12975694 52.61 
1297569
4 
no change - 
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Figure 4.3: Comparing biomass of functional groups benefiting from alosine restoration. 
Contemporary and restored biomass for all functional groups impacted by alosine 
biomass restoration. The y-axis was square transformed to show differences for 
functional groups with low biomass. Groups that presented biomass change less than to 
0.002 mt.km-2 were dropped from the graph. Age groups are represented by size, as small 
(S), medium (M), and large(L). 
For both models the forage species groups with the greatest niche overlap where 
anadromous alosine, other small pelagics, and the three menhaden age classes (Figure 
4.4). There was a considerable shift towards a higher predator overlap index in the RAB 
model, which was observed among a number of species with the anadromous alosine 
group (Figure 4.4). The RAB model indicates stronger predator overlap between 
anadromous alosines and Atlantic herring, medium and large menhaden, and 
mesopelagics, demonstrating the potential food base for the main apex predators. 
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For piscivorous species, including economically important Atlantic cod and 
summer flounder (Paralichthys dentatus), biomass potentially increased by 26.6 %, the 
equivalent of 875,113 metric tons (Table 4.3, Figure 4.3). Cod was divided into three size 
classes, small (≤ 20 cm total length), medium (21-50 cm), and large (>50 cm), to account 
for ontogenetic stages. Cod biomass increased for all three size groups, but large cod 
increased the most in the alosine biomass restoration scenario (22,438 mt)––this is 
roughly equivalent to the entire Gulf of Maine spawning stock biomass from 1980 to 
1990 (Pershing et al. 2015). In addition to changing temperature, another limitation for 
cod populations is an energetic bottleneck that occurs after age four (large cod > 50 cm), 
when their shift from a benthic to a pelagic diet caps productivity (Sherwood et al. 2007). 
Our model suggests that increasing the forage fish base would directly benefit large cod 
by opening up the bottleneck. 
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Figure 4.4: Niche overlap index plot of the forage fish functional groups. (A) 
Contemporary Alosine Biomass model. (B) Restored Alosine Biomass model. The color 
gradient and size of nodes are representing the predator overlap index number. Numbers 
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refer to the functional groups, anadromous alosine are represented by underlined 
numbers. 
 
From the invertebrates groups, the RAB model was set to calculate the biomasses 
for shrimp and squid functional groups, while for macrobenthos and megabenthos we 
provided the biomass values (SI for the list of species). The squid functional group 
composed by longfin inshore squid (Doryteuthis pealeii) and northern shortfin squid 
(Illex illecebrosus), had an increase of 97.5 %, the equivalent of 255,477 metric tons. For 
the shrimp group, there was an increase of 54% or 261,041 metric tons. 
Species of conservation concern benefitted from the augmented forage base. 
Toothed whales, pinnipeds, pelagic sharks and seabirds, together, showed a biomass 
increase of 69% or 113,948 metric tons. Toothed whales (Odontocetes) alone would 
potentially increase by 99,177 metric tons. The contrast between the CAB and RAB 
models trophic level decompositions shows the magnitude of the change in biomass 
flows between the scenarios. The trophic level decomposition analysis shows the 
difference in biomass flows from each discrete trophic level and illustrates the differences 
in the magnitude of the trophic composition of species of conservation concern in NEUS 
LME, and how the new biomasses increase the allocation of the fractions of the flow. We 
separated key functional groups to present the magnitude of energy flow changes 
attributed to increased anadromous alosine biomass, and how the restoration of only a 
few rivers promotes additional production across multiple key species (Figure 4.5, Table 
4.4). Table 4.4 shows the allocations’ differences between CAB and RAB models, used 
to generate Figure 4.5. 
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Figure 4.5: Trophic level decomposition of key species in the Northeast US marine 
ecosystem. Roman numerals represent the discrete trophic levels of the functional groups 
in the Contemporary Alosine Biomass (CAB) and Restored Alosine Biomass (RAB) 
models. (A) Large Atlantic cod, (B) Large summer flounder, (C) Pelagic sharks, (D) 
Pinnipeds, (E) Odontocetes, (F) Seabirds. 
Table 4.4: The difference in trophic level decomposition (sensu Lindeman) between the 
CAB and RAB models. 
 Discrete trophic level (mt.km-2.year-1) 
Id. Functional 
group  
Species II III IV V VI VII VIII IX 
(A) Atlantic Cod 
L 
Gadus morhua  0.045 0.113 0.041 0.007 0.001   
(B) Summer 
flounder L 
Paralichthys 
dentatus 
 0.106 0.333 0.164 0.031 0.005 0.001  
(C) Alopias vulpinus  0.002 0.008 0.007 0.002    
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Pelagic 
sharks 
Carcharodon 
carcharias  
Isurus sp. 
Lamna nasus 
Prionace glauca  
Sphyrna sp. 
(D) Pinnipeds Cystophora cristata  0.001 0.026 0.067 0.032 0.006 0.001   
Halichoerus grypus 
Pagophilus 
groenlandicus 
Phoca vitulina 
(E)  Odontocetes Delphinus delphis  0.790 2.991 1.576 0.337 0.053 0.007 0.001 
Globicephala spp. 
Grampus griseus 
Kogia spp. 
Lagenorhynchus 
acutus 
Phocena phocena 
Physeter 
macrocephalus 
Stenella 
coeruleoalba 
 S. frontalis 
Tursiops truncatus 
Ziphius spp.   
(F) Seabirds Calonectris 
diomedae 
 0.008 0.027 0.011 0.002 0.001 
  
Fulmarus glacialis 
Larus marinus 
L. argentatus 
L. Philadelphia 
Oceanites oceanicus 
Phalaropus 
fulicarius 
Puffinus gravis 
P. griséus 
Rissa tridactyla 
Sula bassanus 
 
The keystoneness analysis, a measure of network connectivity, also revealed 
differences between the two models. For the CAB model, the top five species ranked 
from highest to lowest on the keystone index were: micronekton (0.044), macrobenthos 
crustaceans (0.017), coastal sharks (0.0039,), large copepods (0.0032) and phytoplankton 
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(-0.041). The RAB model’s first- and second-ranked functional groups were the same as 
the CAB model (micronekton = 0.00668, and macrobenthos crustaceans = -0.00124); 
however, large copepods (-0.00389) and phytoplankton (-0.0393) occupied the third and 
fourth places, respectively, and Odontocetes (-0.0463) occupied fifth place (Figure 4.5). 
Among the groups under the forage fish category, the anadromous alosine group was the 
one that showed the most considerable changes in keystoneness index, increasing twelve 
positions on the rank, from fifty-third place on CAB to forty-first place on RAB model. 
Anchovies were the component of the forage fish species that ranked the highest, with a 
rise of two steps on the keystoneness ranking (CAB KS1 = -0.123 [rank 8], and RAB KS1 
= -0.067 [rank 6]). Atlantic herring also showed a rank increase of two steps, shifting 
from the fifteenth position to thirteenth (CAB KS1 = -0.23, and RAB KS1= -0.201) 
(Figure 4.6). 
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Figure 4.6: Keystoneness analysis for both models using KS1 index. The functional group 
lists are ranked and ordered in terms of keystoneness, and circle size reflects biomass. A) 
Keystoneness and biomass for the CAB, B) keystoneness and biomass for the RAB 
model. Forage fish species are highlighted in red, and anadromous alosine group is in 
bold. 
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Discussion and Conclusion 
The Restored Alosine Biomass model offers a “what if” scenario of potential 
benefits to NEUS LME due to increased connectivity between rivers and oceans. Since 
anadromous alosine group depletion is acknowledged and its restoration is an active 
management goal, modeling the potential ecological benefits of much larger alewife 
populations will inform ongoing efforts. Our approach incorporated EE parameters from 
the CAB model to generate biomass potential for functional groups that have trophic 
interactions with the anadromous alosine group. Our results, based solely on alewife 
biomass changes, highlights the species importance as a component of the forage fish 
complex. This effort represents the first-time historical landscape-based estimates of an 
anadromous fish species were used to inform a marine ecosystem model. Increasing 
overall forage group biomass promoted energy flow through the mid-trophic levels to the 
benefit of numerous functional groups, demonstrating the enhanced potential of 
ecosystems with river-ocean connectivity. Ongoing efforts to advance understanding of 
ecosystem connectivity should be encouraged, due to the widespread positive impacts in 
the current simulation. 
Keystone species are essential drivers of ecosystem processes and can impose 
limits on other species through predation or resource partitioning. Predators have more 
substantial ecosystem impacts relative to their biomass and drive top-down control of the 
system (Power et al. 1996). Comparing the RAB and CAB models the top keystone 
species remained similar, with the downgrading of coastal sharks and upgrading of 
odontocetes (dolphins, porpoises and sperm whales). In Newfoundland, the 
Mediterranean and the Eastern Pacific odontocetes also rank high on the keystoneness 
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index (Libralato et al. 2006; Coll et al. 2007; Bănaru et al. 2013). Coll et al. (Coll et al. 
2007) attribute the group’s significance to its non-exploited status. Anadromous alosines 
group had the second highest ranking increase, highlighting how the group’s ecosystem 
roles were shuffled as their abundance waxes. In both scenarios, phytoplankton and 
zooplankton components, such as micronekton and copepods, ranked high in 
keystoneness (Figure 4.6). Other models (Munroe 2000; Pikitch et al. 2014) have 
demonstrated the pervasive influence of seasonal phytoplankton regimes in temperate and 
coastal ecosystems such as the Gulf of Maine and the Chesapeake Bay. 
Regardless, the approach allows assessment of how alosines are connected to 
broader ecosystem functioning through trophic relationships, and offers a perspective on 
how increases in the contribution of forage fish will impact top predators and energy 
flows (Engelhard et al. 2014). Previous studies point out that different dynamics are 
possible in ecosystems, such as top-down, bottom-up control, and wasp waist fishery 
dynamics (Hunt & McKinnell 2006). Although none of the groups of the forage fish 
complex are considered marine keystone species, their role in energy transfer is relevant 
to the functioning of the NEUS LME. An order of magnitude change in alosine biomass 
positively drove potential flow to species of economic and conservation concern. In an 
ecosystem, several variables can also affect biomass fluctuations including climate 
fluctuations, fishing pressure, geographic dispersal of species and changes in productivity 
pulses that were not accounted for in this simulation and would have to be considered 
when operationalizing such models for ecosystem-based fisheries management. To do so 
will require a perspective that includes both the connectivity to freshwater ecosystems 
and the historical productivity estimates, if the full potential of fisheries is expected.  
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Current river herring stocks are but remnants of historically abundant and 
widespread populations (Hall et al. 2012). Their absence from coastal ecosystems 
contributes to a niche-specific bottleneck in pelagic mid-trophic forage species group. As 
climate change places more energetic demands on predator populations, loss of functional 
redundancies in prey populations will become even more problematic as the remaining 
forage species undergo natural fluctuations (Trippel et al. 2015; Willis et al. 2016). In 
diverse ecological communities, seasonal pulses of prey species with different life 
histories provide stable food for apex predators (Figure 4.7a). This portfolio (Schindler et 
al. 2010) effect no longer appears to function in the Gulf of Maine, which has become 
heavily reliant on Atlantic herring, and predators likely suffer higher energetic costs 
during periods of low Atlantic herring abundance (Fig 4.7b). In addition to the impacts on 
the marine environment, the loss of connectivity also affects riverine (Mattocks et al. 
2017) and estuarine systems. There is evidence that juvenile planktivorous, such as 
Atlantic herring and sand lance are more dominant food base than river herring in the 
estuary of Saco River (Smith et al. 2016), a heavily dammed watershed, adjacent to the 
watersheds of our study. Atlantic herring stock projections show a high likelihood of 
overfished and overfishing status in the future, due to sustained low recruitment since 
2011 (NEFSC 2018). This raises concern for the sustainability of the forage base and 
their fisheries in the Gulf of Maine. 
Stabilizing the forage fish portfolio requires re-establishing species diversity 
across the ecosystem.  We acknowledge the likelihood that fish stocks will continue to be 
managed individually, yet our work emphasizes that even depleted stocks are critical to 
the forage fish pool (Dickey-Collas et al. 2014). Restoring diversity requires restoring 
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connectivity across the entire spatiotemporal patchwork. Managing the pelagic forage 
complex as a group is analogous to the current groundfish framework, which considers 
co-occurring species with separate assessments but with a recognition of similarities in 
habitat-use, fisheries catch and functional roles in the ecosystem.  
Large fluctuations in fish populations have led to the assumption that populations 
always self-replenish along taxa-specific time scales (Hutchings 2000). Marine clupeids 
are more likely to experience population recovery on shorter timescales than gadids and 
other marine fishes (Hutchings 2000), and one would think that small pelagic 
anadromous fish are the same. However, lack of population recovery for clupeids stocks 
such as American shad and river herring suggests that resilience of the anadromous 
forage fish complex has been overestimated concerning the multiple impacts they face 
(Waldman et al. 2016).  
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Figure 4.7: Contrasting forage fish biomass time series in two Northeast US sub-regions. 
(A) In the Middle Atlantic Bight (MAB), the total forage fish biomass trend is driven by 
similar fluctuations within several different forage fish stocks. (B) In the Gulf of Maine 
(GOM), the total forage fish biomass trend is mostly driven by Atlantic herring (green 
line) fluctuations. Biomass data is from NEFSC trawl surveys, 1963 to 2013, with 
corrected catchability (q). 
 
Despite recognizing the importance of the forage group as a vector of energy to 
higher trophic levels, there is a lack of understanding of the spatial-temporal dynamics of 
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different forage species. Currently, small pelagics account for 30% of global fisheries 
landings. Atlantic herring and menhaden yield the highest landings among all fish species 
in the Northeast United States (Essington et al. 2015b). They support several fisheries 
sectors, including the bait, feed, and oil reduction and extraction industries. However, 
rates of forage fish exploitation are raising red flags as their depletion is linked to the 
poor body condition, decreased fecundity, impeded recovery, and threatened the survival 
of a wide range of species (Cury et al. 2011; Pikitch et al. 2014). Coastal and 
anadromous species are important constituents of the forage fish group, as we have 
demonstrated, yet they have experienced even higher rates of decline (McCauley et al. 
2015). The functional removal of Atlantic herring in the 1970s (Overholtz 2002), 
following declines in river herring and Atlantic menhaden, would have considerably 
strained remaining forage populations, such as sand lance (Overholtz & Link 2006).  
Hilborn et al. (2017) point out that predators often have flexibility in foraging; 
only 10% of predator populations are directly linked to a single prey species. We find that 
the MAB region is more likely to promote generalist diets than the GOM. As a result, 
natural fluctuations in forage fish abundance (Dickey-Collas et al. 2014; McClatchie et 
al. 2017) in MAB are more easily offset by redundancy in the forage base than in the 
GOM, where predators have become dependent on Atlantic herring (Figure 4.7). 
McClatchie et al. (McClatchie et al. 2017) show that, despite naturally fluctuating cycles 
of the three main forage species pre-exploitation, their aggregate biomass held constant. 
Unfortunately, most diet information aggregated (Garrison & Link 2000) and collected 
over a limited seasonal period. Thus, seasonal dependence on specific forage species is 
often underestimated. However, there are plenty of examples of species that heavily rely 
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on short bursts of single prey species (Willson & Womble 2006; Richardson et al. 2014; 
Furey & Hinch 2017). A new paradigm is emerging, which considers spatial and 
temporal variations in the forage base, and contrasts availability versus food quality in 
predator diets. Simplified food web models and diet aggregations can underestimate the 
importance of forage fish in food webs (Koehn et al. 2016), and scarce information may 
limit the successful application of management policies intended to provide a more 
holistic approach. The value of alosine clupeids is made even greater by their niche 
overlap, making them a flexible food item for many species at specific times and places. 
Restored watersheds with incentivized dam removal and fish passage policies will 
raise the capacity of resilience of anadromous forage fish populations. Applying these 
measures, we can once again provide the benefits of the successful anadromous life 
history strategy that became disadvantaged with anthropogenic modifications to the 
environment (Waldman et al. 2016). We acknowledge that dam removal should be 
examined as a case by case, weighing the trade-offs that might occur from removing the 
services associated with the dams (Roy et al. 2018).  Here we quantified the potential of 
river restoration and tested the potential biomass flow increase in marine food webs. We 
highlight the historical role of rivers in marine ecosystem functioning through 
anadromous forage fish, a group that requires a myriad of habitats to support their life 
history strategies (Waldman et al. 2016). 
We acknowledge that there is no way back to Neverland, or to past conditions, as 
changes in the physical system guide biological process away from the reference points 
(Duarte et al. 2009). However, we should consider historical baselines to avoid the use of 
already impacted populations and ecosystems reference points and parameters to identify 
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targets for rehabilitation measures, the essence of shifting baseline syndrome (Pauly 
1995), and establish a clear path towards management goals. In the end, our motivation to 
perform the current study came from centuries of historical accounts of the importance of 
alewife schools in attracting highly priced “good fish” (Field 1914). Ongoing efforts to 
advance understanding of ecosystem connectivity should be encouraged. Moving 
forward, a continued conversation regarding all the factors that influence alosine 
recovery, and other coastal forage populations, and what the ecosystem implications are 
within a temporal and spatial framework is required for a more holistic approach to 
managing these coupled natural-human systems.  
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CHAPTER 5 
EVALUATING MANAGEMENT STRATEGIES EMPLOYING REDUCED 
FISHING MORTALITY AND HABITAT RESTORATION TO PROMOTE 
ALEWIFE (Alosa pseudoharengus) AND ANADROMOUS FORAGE FISH 
RESTORATION 
 
Introduction 
Sustainable management of fish stocks requires actions that restore and maintain 
productive populations and ecosystems. At a global scale, this is necessary to help 
provide food resources for a growing human population. The demand for fish and fish 
products in developed and rapidly developing countries, and the present globalization of 
fish markets raises concern about the status of economically and ecologically important 
species (Pauly & Zeller 2016). These concerns exist during the transition from single 
species to ecosystem-based management approaches, motivated by the need to consider 
species interactions and system dynamics. Thus, management strategies also require 
consideration of ecosystem effects over time. Strategies available to fisheries managers 
principally focus on habitat restoration and adjusting catch levels as means to achieve 
sustainable approaches.  
In marine ecosystems, small actors can play a big role. This is the case for forage 
fish (FF) (e.g.  herrings, menhaden, shad, sardines, anchovies, etc.). These small-bodied 
planktivorous species are responsible for linking food webs by transferring energy from 
low trophic levels (e.g. phytoplankton and zooplankton) to higher trophic levels (e.g. 
piscivorous fishes, marine mammals, sea birds) (Cury et al. 2000, 2003; Fréon et al. 
2005; Alder et al. 2008; Bakun et al. 2010; Pikitch et al. 2014; Essington et al. 2015a). In 
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addition to an ecological role, they currently account for approximately 25-30% of world 
fisheries (FAO, 2015 in Koehn et al., 2017). Most forage fish fishery landings are 
destined for reduction; in 2011, 75% of small pelagic world catch was turned into 
fishmeal and fish oil (Béné et al. 2015). Increased competition among users of small 
pelagics as resources can cause a range of conflicts (Tacon & Metian 2009). This is made 
more complicated because forage fishes are periodic strategists with high fecundity often 
marked by pulse spawning (Winemiller 2005). Their stocks have experienced 
fluctuations throughout history, with sharp collapses and relatively fast recoveries 
(Lindegren et al. 2013). Given how important FF are for marine ecosystems and fisheries, 
linking population dynamics through time to the broader ecosystem is essential in 
understanding the consequences of management decisions. The increased concern 
regarding the effects of forage fish declines on ecosystem dynamics provides a platform 
to explore management scenarios in an ecosystem-based modeling context.  
The Northeast US large marine ecosystem (NEUS LME), particularly the Gulf of 
Maine (GOM), is among the most productive and biodiverse marine temperate areas in 
the world (Sherman and Skjoldal, 2002; Overholtz and Link, 2006). Forage fish are an 
important component of GOM food webs and fisheries productivity (Dias et al. 2019). 
Among the forage fish functional groups of the GOM, two distinct life traits define the 
marine pelagic and the anadromous species, the latter of which are fishes that spend their 
lives in the ocean and migrate upriver to reproduce. The anadromous alosines have 
experienced long-term declines, mainly associated with high fishing levels, incidental 
catch or bycatch and loss of spawning habitat (Limburg and Waldman, 2009). While both 
forage fish life histories exist in the GOM, historical abundances of the anadromous 
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species were much higher and their ecosystem role has been diminished (Limburg & 
Waldman 2009; Dias et al. 2019). 
The productivity of the GOM region has led to the development of important 
fisheries throughout history, however poor management has resulted in a number of stock 
collapses. The first fishing stations in the GOM were established in 1600s, with Atlantic 
cod (Gadus morhua) as a flagship fishery. By the 1650s, the stock already showed the 
first signs of overfishing (Alexander et al. 2009). As the population of European 
colonialists expanded throughout New England, local riverine and nearshore resources 
supplied important export markets in roughly equal numbers until 1815. However, by 
1820 the export contribution from anadromous forage fish had markedly decreased, due 
to poor recruitment caused by environmental factors and the continuous fragmentation of 
the riverine habitat leading to the expansion of marine pelagic fisheries, primarily 
Atlantic mackerel, but also Atlantic herring (Alexander et al. 2017). Through 1850, 
industrial expansion brought larger mainstem dams across the rivers of New England, 
increasingly fragmenting waterways and systematically driving human reliance on 
anadromous fish down (Hall et al. 2012). Species loss and population extirpations due to 
exploitation and habitat modifications have altered marine communities (Lotze & 
Milewski 2004). Since then, landings have fluctuated as fisheries build up capacity, 
collapse populations and cycle through different species (Jordaan et al. 2010). The once 
important Atlantic cod and anadromous fisheries are remnants of their historical pasts.  
The continued low abundance of these key species provides significant 
management challenges (Bolster, 2018). Currently in the GOM, all stocks managed by 
the New England Fisheries Management Council (NEFMC) show a long term decline in 
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revenue (Wiedenmann & Jensen 2017), in addition, NEFMC-managed piscivorous, 
planktivorous and benthivorous species show signs of a continuous decline in landings 
(NOAA 2019). Currently the low abundance of key populations, including river herring 
and Atlantic cod, are driving lower catches of other species due to bycatch and quota 
limits, leading to their designation as “choke species”. Thus, low stock sizes have impacts 
on fisheries beyond those that target them, and recovery of these populations is likely to 
benefit multiple objectives. 
Both directed fisheries and the degradation of freshwater spawning habitat impact 
anadromous alosines. The historical spawning habitat for anadromous alosines was in 
most cases reduced by 90-95%, rescaling this habitat impacted both marine and riverine 
food webs  (Hall et al. 2011; Mattocks et al. 2017). Rivers such as the Penobscot, 
Kennebec and Androscoggin all saw decreasing habitat and fisheries during the 1750-
1850 period (Hall et al., 2012). This means that two levers are available to managers 
attempting to recover coast-wide populations. Fishing mortality can be influenced 
through fisheries restrictions, while the carrying capacity of populations can be improved 
by restoring spawning habitat. However, decisions regarding the best course of action 
involve tradeoffs. The evaluation of different management approaches can be tested 
through the Ecopath with Ecosim (EwE) framework, to explore how these approaches 
will affect marine ecosystems (Mackinson et al. 2018). 
Objectives 
Evaluate how different fisheries management strategies targeting forage fish functional 
groups, combined with dam removal, affect the GoM marine ecosystem. To achieve this 
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objective, the analysis takes the following steps: 1) Build an Ecopath model considering 
the geographic area of the GOM; 2) Fit the simulation to the time series of forage fish 
populations; 3) Build different management scenarios for forage fish functional groups; 
and 4) Project the scenarios to identify the best management scenario for the GOM.  
Methodology 
Spatial extent  
To construct the management scenarios, we built an ecosystem model focusing on 
the GOM ecoregion, a total of 79,128 square kilometers (Figure 5.1).  
 
Figure 5.1: Map of the spatial limits of GOM model. The map shows the bathymetric 
profile of the coastal region. US Exclusive Economic Zone (EEZ) is delimitated by the 
orange line. 
Species of Interest 
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The model had six forage fish functional groups: Alosine (Alosa pseudoharengus, 
A. aestivalis, A. sapidisima), Atlantic herring (Clupea harengus), Atlantic mackerel 
(Scomber scombrus), butterfish (Prepilus triacanthus), mesopelagics and other small 
pelagics (Appendix 2). Among the forage fish functional groups, we were especially 
interested in the Alosine node, composed of river herring (alewife, Alosa pseudoharengus 
and blueback herring, A. aestivalis) and American shad (A. sapidissima). Our focus was 
on testing favorable management scenarios to promote recovery of the Alosine group, 
specifically alewife, by reducing fisheries impacts on the species and simulating 
increased river to ocean habitat connectivity.  
The Ecosystem Modeling Approach 
Ecosystem models can take different approaches (Heymans et al. 2011), for this 
study we chose the mass balanced approach through the use of the Ecopath with Ecosim 
model framework (EwE 6.5, Christensen and Walters, 2004). Ecopath is known 
worldwide, and a full description can be found in several publications (Christensen & 
Walters 2004; Link et al. 2006; Christensen et al. 2008; Christensen 2009; Araújo & 
Bundy 2011). In addition to the EwE software we also used ecopath_matlab (Kearney 
2017) and Rpath (R Core Team 2013; Lucey 2018) to generate graphs and to record full 
model documentation. The first step was to generate an Ecopath model for the Gulf of 
Maine region, a snapshot of the ecosystem and the trophic relationships at a given time. 
Ecopath uses two main equations, the first describes the production associated with each 
functional group (Christensen et al. 2008), and the second describes the consumption of 
each functional group.  
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The model parametrization relies on biomass (B), production (P/B), consumption 
(Q/B), ecotrophic efficiency (EE) and diet (DC) information (Buchheister et al. 2017a). 
At least three of the parameters need to be provided, in addition to diet data, and the 
model will estimate the missing parameters using the balanced sets of equations 
(Heymans et al. 2016). As a rule of thumb, we used the pre-balance routine (PREBAL, 
Link, 2010) to diagnose the input data. This routine checks the slope of biomass ratio, 
production and consumption in relation to trophic positions.  
Once model parametrization was achieved, the next step was to add the dynamic 
simulation component: Ecosim. Ecosim uses Ecopath as a reference model in 
combination with a series of parameters and assumptions about feeding behavior. Ecosim 
uses differential equations, and passes through parameterization routines by fitting 
biomasses and catch time series (Christensen et al. 2005). 
The basic Ecosim equation expresses the rate of variation over time in biomass B 
for each group i as: 
𝑑𝐵𝑖
𝑑𝑡
= 𝑔𝑖 ∑ 𝑄𝑗𝑖  
𝑗
−  ∑ 𝑄𝑖𝑗
𝑗
+ 𝐼𝑗 − (𝑀𝑖 + 𝐹𝑖 + 𝑒𝑖)𝐵𝑖 
(Equation 1) 
where gi is the net growth efficiency, Qji is the consumption rate of group i on group j, Qij 
is the consumption rate of group j on group i. Ij is the immigration rate, Mi is the natural 
mortality rate (other than predation), Fi is fishing mortality rate, and ei is emigration rate. 
In Ecosim, consumption Qij is calculated using forage arena theory (Walters et al. 1997), 
and is represented by  
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𝑄𝑖𝑗 =
𝑎𝑖𝑗 ∙ 𝑣𝑖𝑗 ∙ 𝐵𝑖 ∙ 𝐵𝑗 ∙ 𝑇𝑖 ∙ 𝑇𝑗 ∙ 𝑆𝑖𝑗 ∙ 𝑀𝑖𝑗/𝐷𝑗 
𝑣𝑖𝑗 + 𝑣𝑖𝑗 ∙ 𝑇𝑖 ∙ 𝑀𝑖𝑗 + 𝑎𝑖𝑗 ∙ 𝑀𝑖𝑗 ∙ 𝐵𝑗 ∙ 𝑆𝑖𝑗 ∙ 𝑇𝑗/𝐷𝑗 
 
(Equation 2) 
where aij is the effective search rate by predator i feeding on a prey j, vij is the base 
vulnerability, wherein biomass pools, regulated by the vulnerability parameter, are 
divided into those that are available and those that are unavailable for predation. Bi is the 
prey biomass, Bj the predator abundance, Ti the prey relative feeding time, Tj the predator 
relative feeding time, Sij the user-defined seasonal or long-term forcing effects, Mij the 
mediation forcing effects, and Dj represents the handling time as a limit to consumption 
rate (Christensen et al., 2005). For the simulation, we employed time series of biomass, 
landings, fishing effort in days at sea or days absent (DA). More details are provided in 
the section below and in Appendix C. The vulnerability parameters are an important 
component of fitting the models to time series data (Christensen et al. 2008). For each 
scenario, we estimated the vulnerability parameter via time series fitting and employed 
these resulting vulnerabilities in the final scenarios.  
Timeframe of Analysis 
The model was established using year block 2000 as the reference point 
(Biomass, Consumption, Production, Diets, Mortality and Fishing Mortality). The year 
block, chosen based on data availability, included the years 1996 to 2000 (the same block 
was used in the EMAX GOM model). In addition to our baseline model, we incorporated 
biomass time series from 1992 to 2016. As we focused on fisheries-based management 
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scenarios, we defined six fleets based on different gear types: dredge, gillnet, purse seine, 
trap, trawl and other fisheries (pound and dip nets, weirs, and haul seines). 
Data Sources 
The GOM model was based on the Energy Modeling and Analysis eXercise 
(EMAX) project (Link et al. 2006, 2008), with NOAA NEFSC data. The EMAX GOM 
model presented 31 functional groups per region, with low taxonomic resolution. To 
create our baseline model, we used EMAX inputs and expanded the functional groups to 
include higher taxonomic resolution and separate economically important species in 
different ontogenetic groups using a multistanza approach, resulting in 45 functional 
groups. A full description of the model parametrization procedures is available in 
Appendix C. 
We calculated landings and discards from all coastal states of the GOM ecoregion 
(Maine, New Hampshire and Massachusetts). Based on the resolution of the effort data, 
we aggregated gear types into seven distinct categories: dredge, trawl, traps, gillnets, 
purse seine, recreational, and other (pound and dip nets, weirs, haul seines). We used 
stock assessment data for all managed species.  
Some species presented higher data resolution, which allow for separating them in 
different size classes, or multistanza categories, representing the diets preferences and 
vulnerability to fishing mortality and predation for each age class throughout their life 
histories (Walters & Martell 2004). To account for ontogenetic differences, we divided 
three functional groups into distinct age classes using catch-at-age data from stock 
assessments to determine landings and discards. The multistanza categories were Atlantic 
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cod (small, medium, large), hake (small and large), and dogfish (small and large; Table 
5.1). In this case we provided the von Bertalanffy K parameter, and weight at maturity 
and infinity ratio (Wmat/Winf) for the group, estimates of age and total mortality for each 
stanza, and the biomass and consumption for the leading groups (Appendix C). The 
multistanza procedure calculated the missing information for the other age groups.  
Table 5.1: Fish species and size classes for the multistanza groups. 
EwE result Species Age (yrs) Size (cm) 
Small cod Atlantic cod 0-1 <=20 
Medium cod Atlantic cod 2-3 21-50 
Large cod Atlantic cod 4+ >50 
Small dogfish Spiny dogfish 0-5 <=60 
Large dogfish Spiny dogfish 6+ >60 
Small hake Includes white, silver, offshore, red, spotted hakes 0-5 <=40 
Large hake Includes white, silver, offshore, red, spotted hakes 6+ >40 
Time Series 
Time series are essential for the Ecosim model calibration procedure. We fitted 
the time series for the years 1996 (the beginning of NOAA’s Vessel Trip Report (VTR) 
program) to 2014. The VTR contains days absent or days at sea data, and we used this 
information as our effort time series (Figure 5.2). In addition, we obtained time series of 
landings, biomass, and fishing mortality from the NEFSC trawl survey and stock 
assessment reports, and NOAA’s NMFS landing data.  
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Figure 5.2: NOAA’s Vessel Trip Report Program days absent time series. Fishing gears 
are presented in distinct colors. 
 
Biomass time series used data from the NEFSC trawl survey, and encompassed 
the following functional groups: Atlantic herring, alosine, Atlantic mackerel, butterfish, 
other small pelagics, striped bass, Atlantic cod (S, M and L), haddock, skate, demersal 
benthivores, and demersal piscivores. Landings time series included the three 
macrobenthos functional groups, megabenthos filterers and others, shrimp and similar 
species, Atlantic herring, alosines, Atlantic mackerel, butterfish, other small pelagics, 
bluefish, striped bass, large dogfish, haddock, small hake, and the demersal groups from 
NMFSC landings data (https://www.st.nmfs.noaa.gov/commercial-fisheries/commercial-
landings/annual-landings/index). For the fishing mortality time series we had Atlantic 
cod medium and large functional groups from the Age Structured Assessment Program 
(ASAP), which is an age-structured model (NEFSC 2013a), in addition to the Atlantic 
herring functional group (NEFSC 2012a). 
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Model Scenarios 
The simulations compared habitat restoration and fisheries moratoria on 
population recovery trajectories for alosines and other key species. The key objective was 
to promote the recovery of alosine biomass. However, other species responses are 
important to consider within an ecosystem perspective. We built three different scenarios 
employing distinct effort levels and added river connectivity in terms of alewife 
productivity. Fishing effort scenarios scaled the days absent in relation to the mean. The 
first scenario allowed for fishing effort reduction on all gear types that affect alosines by 
direct or incidental catch (bycatch). These were gillnets, purse seines, trawls and others 
(pound and dip nets, weirs, and haul seines). As our effort data lacked fine resolution, the 
other species affected by these gears also benefitted from fisheries effort reduction. The 
fishing reduction scenario showed a fishing effort decrease in three-time steps 2020, 2028 
and 2039 (Figure 5.3, Table 5.2).  
Table 5.2: Scenario 1 Fishing effort time series with effort reduction.  
Scenario 1 Dredge Gillnet Other Purse seine Trap Trawl Recreational 
Pool Code 1 2 3 4 5 6 7 
Type 3 3 3 3 3 3 3 
1992 0.88 0.84 0.69 0.83 0.97 0.69 1 
1993 0.88 0.84 0.69 0.83 0.97 0.69 1 
1994 0.88 0.84 0.69 0.83 0.97 0.69 1 
1995 0.88 0.84 0.69 0.83 0.97 0.69 1 
1996 0.88 0.84 0.69 0.83 0.97 0.69 1 
1997 0.99 1.08 0.81 0.60 0.97 0.78 1 
1998 1.05 0.95 0.74 0.71 0.91 0.79 1 
1999 1.25 0.94 0.90 0.70 0.87 0.82 1 
2000 1.21 0.80 0.94 0.99 0.85 0.91 1 
2001 1.03 0.76 0.81 1.08 0.89 0.90 1 
2002 0.96 0.87 0.87 0.99 0.97 0.99 1 
2003 0.93 0.87 0.98 1.09 1.02 1.07 1 
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2004 0.91 0.95 1.06 1.06 1.00 1.06 1 
2005 0.81 1.00 1.21 1.67 1.03 1.02 1 
2006 0.72 1.07 1.16 2.06 0.94 1.12 1 
2007 0.76 1.11 0.99 0.99 0.99 1.23 1 
2008 0.98 1.06 1.14 0.88 1.07 1.24 1 
2009 1.00 1.07 1.11 0.95 1.10 1.25 1 
2010 1.04 1.22 1.11 1.15 1.06 1.24 1 
2011 1.14 1.10 1.32 1.15 1.15 1.09 1 
2012 1.13 1.16 1.26 1.06 1.13 1.06 1 
2013 1.38 1.28 1.42 1.36 1.09 1.15 1 
2014 1.47 1.30 1.25 1.30 1.13 1.19 1 
2015 1.47 1.30 1.25 1.30 1.13 1.19 1 
2016 1.00 1.00 1.00 1.00 1.00 1.00 1 
2017 1.00 1.00 1.00 1.00 1.00 1.00 1 
2018 1.00 1.00 1.00 1.00 1.00 1.00 1 
2019 1.00 1.00 1.00 1.00 1.00 1.00 1 
2020 1.00 0.63 0.63 0.63 1.00 0.63 1 
2021 1.00 0.63 0.63 0.63 1.00 0.63 1 
2022 1.00 0.63 0.63 0.63 1.00 0.63 1 
2023 1.00 0.63 0.63 0.63 1.00 0.63 1 
2024 1.00 0.63 0.63 0.63 1.00 0.63 1 
2025 1.00 0.63 0.63 0.63 1.00 0.63 1 
2026 1.00 0.63 0.63 0.63 1.00 0.63 1 
2027 1.00 0.63 0.63 0.63 1.00 0.63 1 
2028 1.00 0.50 0.50 0.50 1.00 0.50 1 
2029 1.00 0.50 0.50 0.50 1.00 0.50 1 
2030 1.00 0.50 0.50 0.50 1.00 0.50 1 
2031 1.00 0.50 0.50 0.50 1.00 0.50 1 
2032 1.00 0.50 0.50 0.50 1.00 0.50 1 
2033 1.00 0.50 0.50 0.50 1.00 0.50 1 
2034 1.00 0.50 0.50 0.50 1.00 0.50 1 
2035 1.00 0.50 0.50 0.50 1.00 0.50 1 
2036 1.00 0.50 0.50 0.50 1.00 0.50 1 
2037 1.00 0.50 0.50 0.50 1.00 0.50 1 
2038 1.00 0.50 0.50 0.50 1.00 0.50 1 
2039 1.00 0.40 0.40 0.40 1.00 0.40 1 
2040 1.00 0.40 0.40 0.40 1.00 0.40 1 
2041 1.00 0.40 0.40 0.40 1.00 0.40 1 
2042 1.00 0.40 0.40 0.40 1.00 0.40 1 
2043 1.00 0.40 0.40 0.40 1.00 0.40 1 
2044 1.00 0.40 0.40 0.40 1.00 0.40 1 
2045 1.00 0.40 0.40 0.40 1.00 0.40 1 
2046 1.00 0.40 0.40 0.40 1.00 0.40 1 
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2047 1.00 0.40 0.40 0.40 1.00 0.40 1 
2048 1.00 0.40 0.40 0.40 1.00 0.40 1 
2049 1.00 0.40 0.40 0.40 1.00 0.40 1 
2050 1.00 0.40 0.40 0.40 1.00 0.40 1 
 
The second scenario was built in order to test the alosine and ecosystem response 
to a total fishing effort reduction. In this case, all gear types were affected; however, the 
maximum fishing reduction was maintained at 0.5 compared to the baseline, and occurred 
in two-time steps, 2020 and 2028 (Figure 5.3, Table 5.3).  
Table 5.3: Scenario 2 Fishing effort time series with effort reduction.  
Scenario 2 Dredge Gill Net Other Purse seine Trap Trawl Recreational 
Pool Code 1 2 3 4 5 6 7 
Type 3 3 3 3 3 3 3 
1992 0.88 0.84 0.69 0.83 0.97 0.69 1 
1993 0.88 0.84 0.69 0.83 0.97 0.69 1 
1994 0.88 0.84 0.69 0.83 0.97 0.69 1 
1995 0.88 0.84 0.69 0.83 0.97 0.69 1 
1996 0.88 0.84 0.69 0.83 0.97 0.69 1 
1997 0.99 1.08 0.81 0.60 0.97 0.78 1 
1998 1.05 0.95 0.74 0.71 0.91 0.79 1 
1999 1.25 0.94 0.90 0.70 0.87 0.82 1 
2000 1.21 0.80 0.94 0.99 0.85 0.91 1 
2001 1.03 0.76 0.81 1.08 0.89 0.90 1 
2002 0.96 0.87 0.87 0.99 0.97 0.99 1 
2003 0.93 0.87 0.98 1.09 1.02 1.07 1 
2004 0.91 0.95 1.06 1.06 1.00 1.06 1 
2005 0.81 1.00 1.21 1.67 1.03 1.02 1 
2006 0.72 1.07 1.16 2.06 0.94 1.12 1 
2007 0.76 1.11 0.99 0.99 0.99 1.23 1 
2008 0.98 1.06 1.14 0.88 1.07 1.24 1 
2009 1.00 1.07 1.11 0.95 1.10 1.25 1 
2010 1.04 1.22 1.11 1.15 1.06 1.24 1 
2011 1.14 1.10 1.32 1.15 1.15 1.09 1 
2012 1.13 1.16 1.26 1.06 1.13 1.06 1 
2013 1.38 1.28 1.42 1.36 1.09 1.15 1 
2014 1.47 1.30 1.25 1.30 1.13 1.19 1 
2015 1.47 1.30 1.25 1.30 1.13 1.19 1 
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2016 1.00 1.00 1.00 1.00 1.00 1.00 1 
2017 1.00 1.00 1.00 1.00 1.00 1.00 1 
2018 1.00 1.00 1.00 1.00 1.00 1.00 1 
2019 1.00 1.00 1.00 1.00 1.00 1.00 1 
2020 0.63 0.63 0.63 0.63 0.63 0.63 1 
2021 0.63 0.63 0.63 0.63 0.63 0.63 1 
2022 0.63 0.63 0.63 0.63 0.63 0.63 1 
2023 0.63 0.63 0.63 0.63 0.63 0.63 1 
2024 0.63 0.63 0.63 0.63 0.63 0.63 1 
2025 0.63 0.63 0.63 0.63 0.63 0.63 1 
2026 0.63 0.63 0.63 0.63 0.63 0.63 1 
2027 0.63 0.63 0.63 0.63 0.63 0.63 1 
2028 0.50 0.50 0.50 0.50 0.50 0.50 1 
2029 0.50 0.50 0.50 0.50 0.50 0.50 1 
2030 0.50 0.50 0.50 0.50 0.50 0.50 1 
2031 0.50 0.50 0.50 0.50 0.50 0.50 1 
2032 0.50 0.50 0.50 0.50 0.50 0.50 1 
2033 0.50 0.50 0.50 0.50 0.50 0.50 1 
2034 0.50 0.50 0.50 0.50 0.50 0.50 1 
2035 0.50 0.50 0.50 0.50 0.50 0.50 1 
2036 0.50 0.50 0.50 0.50 0.50 0.50 1 
2037 0.50 0.50 0.50 0.50 0.50 0.50 1 
2038 0.50 0.50 0.50 0.50 0.50 0.50 1 
2039 0.50 0.50 0.50 0.50 0.50 0.50 1 
2040 0.50 0.50 0.50 0.50 0.50 0.50 1 
2041 0.50 0.50 0.50 0.50 0.50 0.50 1 
2042 0.50 0.50 0.50 0.50 0.50 0.50 1 
2043 0.50 0.50 0.50 0.50 0.50 0.50 1 
2044 0.50 0.50 0.50 0.50 0.50 0.50 1 
2045 0.50 0.50 0.50 0.50 0.50 0.50 1 
2046 0.50 0.50 0.50 0.50 0.50 0.50 1 
2047 0.50 0.50 0.50 0.50 0.50 0.50 1 
2048 0.50 0.50 0.50 0.50 0.50 0.50 1 
2049 0.50 0.50 0.50 0.50 0.50 0.50 1 
2050 0.50 0.50 0.50 0.50 0.50 0.50 1 
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Figure 5.3: Fish effort scenarios. a) Fish effort reduction for scenario 1. b) Fish effort 
reduction for scenarios 2 and 3. 
The third scenario was developed with a focus on alosine biomass restoration via 
combining fishing reduction and increased river-ocean connectivity. For the latter factor, 
we used the historical biomass time series for anadromous alosines (Hall et al. 2011; 
Mattocks et al. 2017). First, biomass from alosine production in relation to lake/pond 
habitat availability was generated for three New England watersheds: the Penobscot, 
Kennebec and Androscoggin rivers systems (Hall et al. 2011; Mattocks et al. 2017) 
(Table 5.4, Figure 5.4). We then generated a time series of estimated biomass loss and 
uploaded it in Ecosim as a forcing function. 
 
a. 
 
 
 
 
 
 
 
 
 
 
b. 
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Table 5.4: Biomass restoration parameters. Potential alosine biomass is the contemporary 
alosine biomass plus the estimate of alewife biomass loss. The Northern New England 
lake/pond habitats comprise the Penobscot, Kennebec and Androscoggin watersheds.  
Year Total Northern New 
England lake/pond 
habitat (km2) 
Percentage of 
habitat 
Alewife biomass 
loss (mt*km-2)  
Alosine potential 
biomass (mt*km-2)  
1900 116.2 9.1 0.16 0.31 
1890 116.7 9.1 0.16 0.31 
1880 118.3 9.2 0.16 0.31 
1870 136.3 10.6 0.19 0.34 
1860 150.9 11.8 0.20 0.36 
1850 151.5 11.8 0.21 0.36 
1840 161.5 12.6 0.22 0.37 
1830 312.8 24.4 0.42 0.58 
1820 467.5 36.5 0.64 0.79 
1810 566.8 44.2 0.77 0.92 
1800 706.4 55.1 0.96 1.11 
1790 814.9 63.6 1.11 1.26 
1780 818.0 63.8 1.11 1.26 
1770 843.6 65.8 1.15 1.30 
1760 928.4 72.4 1.26 1.41 
1750 1020.8 79.6 1.39 1.54 
1740 1031.8 80.5 1.40 1.55 
1730 1067.4 83.3 1.45 1.60 
1720 1071.9 83.6 1.46 1.61 
1710 1116.2 87.1 1.52 1.67 
1700 1142.9 89.2 1.55 1.71 
1690 1161.5 90.6 1.58 1.73 
1680 1171.8 91.4 1.59 1.74 
1670 1188.8 92.8 1.61 1.77 
1660 1210.5 94.5 1.64 1.80 
1650 1223.5 95.5 1.66 1.81 
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Figure 5.4: The Northern New England watersheds used in scenario development. 
Results 
PREBAL Diagnostic 
PREBAL diagnostic results shows that biomasses for the GOM model span five 
orders of magnitude. We also observed that the regression shows a positive trend with an 
increase in trophic level position for biomass, production and consumption (Figure 5.4). 
For the majority of piscivores fishes, the production-consumption ratio ranged between 
0.1 and 0.3 (Figure 5.5).  
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Figure 5.5: PREBAL diagnostic for GOM model. Initial inputs are shown in gray, the 
blue bar is the value estimated by the model for the bacteria function group. 
 
Ecopath Model Results 
The fully parametrized Ecopath model was achieved by modifying some of the 
initial input parameters based on the data pedigree. The documentation of the balancing 
process can be found in the model documentation section of Appendix C. The output 
results of the model are listed in Table 5.5, while the model visualization is presented in 
Figure 5.6. It shows the biomass flowing from lower to upper trophic levels, and the 
respective flow magnitude between nodes, including fisheries. Multistanza plots show 
total population biomass in relation to each age group and calculated total mortality 
throughout the life history (Table 5.5, Figure 5.7). 
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Table 5.5: Model inputs and outputs for the balanced Ecopath GOM model. TL indicates 
trophic level, B is the biomass, P/B the production ratio, Q/B the consumption ratio, EE 
the ecotrophic efficiency, and P/Q the production to consumption ratio. Output values, in 
bold, were calculated by Ecopath.  
Node Group name TL B 
(t.km-2) 
Z 
(yr-1) 
P/B 
(yr-1) 
Q/B 
(yr-1) 
EE 
(yr-1) 
P/Q 
(yr-1) 
1 Phytoplankton 1.000 22.126 
 
163.143 
 
0.665 
 
2 Bacteria 2.000 3.452 
 
91.250 182.500 0.929 0.500 
3 Micro-
zooplanktons 
2.297 3.158 
 
72.000 242.424 0.919 0.297 
4 Copepod-S 2.124 9.879 
 
30.918 127.750 0.949 0.242 
5 Copepod-L 2.405 11.955 
 
35.000 109.500 0.863 0.320 
6 Gelatinous 
zooplankton 
3.063 1.283 
 
35.000 146.000 0.950 0.240 
7 Micronekton 2.922 8.357 
 
14.250 36.500 0.718 0.390 
8 Macrobenthos 
polychaetes  
2.493 13.492 
 
2.550 17.500 0.864 0.146 
9 Macrobenthos 
crustaceans 
2.769 1.835 
 
3.300 21.000 0.956 0.157 
10 Macrobenthos 
mollusks 
2.305 4.491 
 
2.240 13.720 0.932 0.163 
11 Macrobenthos 
others 
2.530 15.000 
 
2.040 11.777 0.939 0.173 
12 Megabenthos 
filterers 
2.119 1.400 
 
0.864 10.000 0.987 0.086 
13 Megabenthos 
others 
3.126 3.037 
 
1.680 11.030 0.918 0.152 
14 Shrimp 2.915 0.369 
 
2.000 5.000 0.988 0.400 
15 Mesopelagics 3.683 0.200 
 
0.950 1.825 0.921 0.521 
16 Atl. herring 3.384 12.987 
 
0.370 1.978 0.852 0.187 
17 Alosine 3.394 0.153 
 
0.437 2.000 0.945 0.219 
18 Atl. mackerel 3.512 0.477 
 
0.520 3.826 0.854 0.136 
19 Squid 3.537 0.300 
 
1.400 2.000 0.897 0.700 
20 Butterfish 3.712 0.140 
 
1.270 1.977 0.925 0.642 
21 Small pelagics 3.177 1.240 
 
0.849 2.000 0.936 0.425 
22 Bluefish 4.485 0.193 
 
0.349 2.106 0.787 0.166 
23 Striped bass 4.172 0.012 
 
0.491 2.300 0.878 0.213 
24 Dogfish-S 3.961 0.210 0.130 
 
3.820 0.787 0.034 
25 Dogfish-L 4.130 2.246 0.150 
 
1.810 0.157 0.083 
26 Cod-S 3.822 0.226 0.870 
 
4.460 0.957 0.195 
27 Cod-M 3.877 0.692 0.720 
 
2.256 0.396 0.319 
28 Cod-L 4.113 0.559 0.980 
 
1.500 0.155 0.653 
29 Haddock 3.795 0.689 
 
0.450 0.905 0.390 0.497 
30 Hake-S 4.040 1.696 0.935 
 
3.850 0.753 0.243 
31 Hake-L 4.487 0.056 1.000 
 
2.361 0.739 0.424 
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32 Yellowtail 
flounder 
3.813 0.051 
 
0.670 2.900 0.906 0.231 
33 Summer 
flounder 
4.475 0.045 
 
0.483 2.900 0.890 0.167 
34 Skate 3.951 0.316 
 
0.450 0.905 0.229 0.497 
35 Demersal 
benthivorous  
3.678 2.454 
 
0.450 0.905 0.696 0.497 
36 Demersal 
piscivorous  
3.997 1.047 
 
0.550 1.213 0.996 0.453 
37 Demersal 
omnivorous 
3.858 0.450 
 
0.450 0.814 0.877 0.553 
38 Medium 
pelagics 
4.400 0.023 
 
0.649 1.428 0.787 0.454 
39 Pelagic sharks 4.783 0.004 
 
0.150 0.623 0.817 0.241 
40 Highly 
migratory 
species (HMS) 
4.236 0.018 
 
0.500 2.362 0.002 0.212 
41 Pinniped 4.466 0.063 
 
0.067 4.850 0.016 0.014 
42 Baleen whales 3.584 0.602 
 
0.042 2.300 0.001 0.018 
43 Odontocetes 4.425 0.034 
 
0.040 8.500 0.438 0.005 
44 Seabirds 3.931 0.004 
 
0.275 5.362 0.069 0.051 
45 Detritus 1.000 81.333 
   
0.494 
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Figure 5.6: Flow diagram of the GOM ecosystem. Fishing gears are shown in orange, 
Atlantic herring and alosine are represented by the maroon. Lines thickness represents the 
magnitude of biomass flow from prey, in blue to predator in yellow. Bubble sizes 
represent the tonnage per square kilometer. Nodes are grouped by predator/prey overlap 
index. 
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Figure 5.7: Multistanza plots for the GOM Ecopath model. The graph shows normalized 
changes in body weight (blue), numbers (red), and population biomass (yellow) at age. 
The purple line indicates sum total mortality subtracted from relative biomass 
accumulation. The grey vertical lines are the stanza separation in months. 
 
Ecosim Scenario Results 
For forage species (including the shrimp and squid functional groups) we 
observed a biomass density increase of 27, 17 and 34% for scenarios 1, 2 and 3, 
respectively (Figure 5.8). With regard to anadromous alosine biomass changes, the third 
scenario had an overwhelmingly positive response, with a 280% total increase in density, 
resulting in a final biomass per unit area of 0.58 mt.km-2 (Figure 5.9 and 5.10), whereas 
the first scenario presented only an 8% increase, and the second scenario showed a 1% 
decrease (Figure 5.8). Atlantic herring presented a final biomass per unit area of 18.1 
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mt.km-2 for the third scenario, 17.5 mt.km-2 for the first and 16 mt.km-2 for the second 
scenarios (Figure 5.8 and 5.9). Except for the shrimp functional group in scenarios 1 and 
2, the remaining forage species showed reductions for all scenarios (Figure 5.8 and 5.10).  
Among forage fish predators, ground fish species (large and medium Atlantic cod, 
large hake, haddock, and yellowtail and summer flounders) increased 149, 105, and 
110% in total biomass per unit area, respectively, for the three scenarios. Within the 
groundfish functional groups, however, different responses appeared for each scenario. 
Large and medium Atlantic cod size classes and haddock performed better on scenario 1, 
obtaining final biomass densities of 0.89 and 1.02 mt.km-2, respectively. Large hake 
showed an increase of 91.5 % under scenario 2, resulting in a biomass per unit area of 0.1 
mt.km-2. Summer flounder had its best response to scenario 3, with a biomass per unit 
area in year 2050 of 0.06 mt.km-2, a 36 % increase from the baseline scenario (Figure 
5.11). Yellowtail flounder biomass densities decreased in all three scenarios (15, 4 and 3 
% decrease for scenarios 1, 2 and 3) (Figure 5.11).  
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Figure 5.8: Percentage change among the three different scenarios. Midpoint (0) is the 
base Ecopath model. Functional groups are ordered from the greatest increase (top) to 
greatest decrease (bottom) in biomass per unit area, with the shaded area signifying 
negative density changes. 
 99 
 
 
Figure 5.9: Forage fish functional group responses to the three different scenarios. The 
scenarios are represented by lines: fishing scenario 1 in black, fishing effort reduction 
scenario 2 in yellow, and fishing effort reduction combined with alewife biomass 
restoration scenario 3 in blue. Shaded areas indicate the years simulated in the scenarios. 
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Figure 5.10: Continuation of the forage fish functional groups, with the addition of squid 
and shrimp, and their responses to the three different scenarios. The scenarios are 
represented by lines: fishing scenario 1 in black, fishing effort reduction scenario 2 in 
yellow, and fishing effort reduction combined with alewife biomass restoration scenario 3 
in blue. Shaded areas indicate the years simulated in the scenarios. 
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Figure 5.11: The groundfish complex responses to the three different scenarios. The 
scenarios are represented by lines: fishing scenario 1 in black, fishing effort reduction 
scenario 2 in yellow, and fishing effort reduction combined with alewife biomass 
restoration scenario 3 in blue. Shaded areas indicate the years simulated in the scenarios. 
 
For Species of Concern (SOCs) (odontocetes, baleen whales, pelagic sharks, 
pinnipeds, seabirds, and highly migratory large pelagics-HMS), the second scenario 
presented the highest biomass density change, with a total increase of 19% against 15% 
for the first scenario and 13% for the third. The total percent change for each group is 
shown in Figure 5.8. The marine mammals, odontocetes and pinnipeds had similar 
responses, with scenario 2 performing the best, followed by scenario 1, then and 3. 
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Baleen whales were negatively impacted by scenarios 2 and 3, showing biomass density 
decreases of around 2%, whereas for scenario 1 they showed a 1% increase from the 
baseline value (Figure 5.8 and 5.12). Seabirds presented positive change under all three 
scenarios. Scenario 1 was the leading scenario for this functional group, with a biomass 
density increase of 156 %, followed by scenario 3 with 86% and scenario 2 with 83% 
(Figure 5.8). The biomass density of highly migratory large pelagics decreased by 2% for 
scenarios 1 and 3, and by 7% for scenario 2. 
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Figure 5.12: Species of Concern (SOC) responses to the three different scenarios. Large 
pelagics appear in highly migratory species (HMS).The scenarios are represented by 
lines: fishing scenario 1 in black, fishing effort reduction scenario 2 in yellow, and 
fishing effort reduction combined with alewife biomass restoration scenario 3 in blue. 
Shaded areas indicate the years simulated in the scenarios.  
Monte Carlo Simulation Results  
From 100 trial runs for the first and second scenarios, 57 and 48 were successful 
trials, while in 200 trial runs for the third scenario, 12 were successful. Figure 5.13 and 
5.14 show forage species (plus shrimp and squid) means and the calculated standard 
deviations for each scenario. Additional figures can be found in the Appendix C.  
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Figure 5.13: Monte Carlo simulation results for alosine, Atlantic herring, Atlantic 
mackerel, and butterfish. 
 
 105 
 
 
Figure 5.14: Monte Carlo simulation results for shrimp and similar species, mesopelagics, 
squid, and other small pelagics. 
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Discussion and Conclusions 
Overview and Synthesis 
Trade-offs in management decisions include fisheries and restoration actions to 
promote anadromous forage fish recovery. The alosine functional group demonstrated 
little response to changes in fishing effort. However, when habitat connectivity was 
combined with the fishing effort reduction scenario, we observed a multiple order of 
magnitude biomass density increase. This suggests that river to ocean habitat 
connectivity, captured in the models as a forcing function, guided alosine biomass 
increase. Is important to note that the third scenario was not based on full biomass 
restoration; instead the final alosine biomass was equivalent to that in the 1830s when 
25% of lakes and ponds were fully assessible to river herring. These numbers are modest 
and realistic restoration goals when viewed within a regional perspective and could be 
spread effectively across many smaller watersheds. 
Atlantic herring was the only forage fish that increased in all scenarios. This 
highlights the importance of fishing pressure relieve to this stock. Atlantic herring is the 
main contributor to small pelagic landings in the region (Dias et al. 2019). Although the 
stock status shows no overfishing occurring, the recent stock assessment estimating 
numbers at age in 2017 indicates that age 6 fish numbers surpasses current estimations of 
age 1 and 2 cohorts combined (NEFSC, 2018). This suggests strong population reliance 
on the cohort produced in 2011. Therefore, if the recent low recruitment estimates hold 
true, spawning stock biomass (SSB) is likely to remain relatively low, putting the entire 
stock in high risk of becoming overfished. As Atlantic herring is the only planktivorous 
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species managed by NEFMC, recent negative trends in GOM landings highlight the 
problems of excessive reliance on a small number of species (Dias et al. 2019), and could 
provoke additional risk in the social system in the GOM (NOAA 2019). According to our 
scenarios Atlantic herring would highly benefit from fishing effort reduction, but also 
from increasing alosine biomass through habitat restoration. 
Overall, Atlantic mackerel presented lower final than starting biomass density, 
which is attributed to recreational fishery mortality. Recreational fishing effort was kept 
constant throughout the simulation period. The Atlantic mackerel assessment report 
recommends that the northwest stock be considered overfished with overfishing 
occurring (NEFSC, 2017a). The average recreational catch of Atlantic mackerel during 
the last decade represents 10% of all commercial landings (NEFSC, 2017a). Since 2007 
recreational catch has been increasing, with 2016 values reaching 30% of US commercial 
landings. 
For the remaining forage species group, including shrimp and squid, scenario 2 
had the worst performance. The GOM ecosystem contains intricate trophic relationships 
and interactive effects. Release of fishing pressure increases predator biomass density, 
which in turn affects prey species biomass. This was observed in scenario 2 where fishing 
effort was reduced for all commercial fisheries. Effort reduction caused an increase in the 
biomass density of piscivores, and an overall decrease in forage species biomass density 
followed. Thus, to assure the sustainability of these species, more needs to be done than 
fisheries-based actions, particularly in mixed species fisheries.  
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Scenario 1 had the most pronounced positive impact on the groundfish complex, 
with the highest increase for medium and large Atlantic cod and haddock. Groundfish stock 
status recommendations for the 19 stocks (GOM cod, Georges Bank (GB) cod, GOM 
haddock, GB haddock, Cape Cod/GOM yellowtail flounder, Southern New England/ Mid-
Atlantic (SNE/MAB) yellowtail flounder, GB winter flounder, SNE/MAB winter flounder, 
Acadian redfish, American plaice, witch flounder, white hake, pollock, wolfish, GOM/GB 
windowpane flounder, SNE/MAB windowpane flounder, ocean pout, GOM winter 
flounder, GB yellowtail flounder) show that ten stocks are overfished and four are 
experiencing overfishing (NEFSC, 2017b). For the GOM region, Atlantic cod and 
yellowtail flounder fall under both categories, and are well below target biomass levels 
(NEFSC, 2017b). Yellowtail flounder experienced biomass fluctuations during the 
simulation period; however, the final year of the scenarios showed a minor decrease.   
For species of conservation concern, all scenarios presented over 500% biomass 
density increases, with pelagic sharks having the highest contribution. Except for baleen 
whales and large pelagic HMS, all the other SOC functional groups exhibited major 
biomass changes by the end of the simulation. Odontocetes, pinnipeds, and sea birds rely 
on forage fish as their main dietary item, therefore increasing the forage base during the 
simulation period might be responsible for the increase in these functional groups. This 
also suggests that most predators are unlikely to demonstrate strong interactions with a 
single forage species, consistent with recent research (Hilborn et al. 2017).  
Impacts of River Restoration 
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Alosine biomass restoration comes with a cost, as increasing river to ocean 
connectivity requires a modification of current infrastructure, impacting energy 
production, water supply and flood management (Roy et al. 2018). These costs can be 
significant, particularly when compared with river passage for anadromous fish and the 
associated uncertain and difficult to quantify biomass density increase. The duality of 
infrastructure rentability and ecological restoration can be achieved with a balanced 
approach, examined case by case, as the trade-offs are often nonlinear (Roy et al. 2018). 
The Penobscot river has been under restoration and, as a result, alosine fishes have 
experienced pronounced changes after dam removal (Watson et al. 2018). Without 
alterations to fish passage in the Penobscot river, alewife spawners would have faced a 
decrease of 90% in abundance (Song et al. 2019). But the benefits of anadromous species 
recovery are broad and impact many key species, which require restricting human 
activities to conserve their populations. 
In Maine, dams are regulated by The Maine Department of Environmental 
Protection (DEP), and hydropower dams have to comply with the Federal Energy 
Regulatory Commission (FERC). Licenses are granted on a 30 to 50-year basis, and 
relicensing has to follow DEPs water quality certification. Currently relicensing 
processes are under the habitat connectivity policy window, based on diadromous and 
potamodromous species. Policy windows do not strictly consider dam removal, but 
rather, consider the possibility of dam removal as a management decision over a certain 
period of time (Doyle et al. 2003). FERC and DEP can evaluate the persistence of a dam 
as a barrier to fish migration during the relicensing process and identify what alterations 
are needed to be fully compliant. All three watersheds are undergoing River Restoration 
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Projects (RRP). The Penobscot RRP has recently concluded with two mainstem dam 
removals and state of art fish passages implemented on tributaries (Opperman et al. 
2011). Enabled by 60 million dollars of investment, the 16-year RRP has effected a 
dramatic increase in river-to-ocean connectivity and improving fish runs, with minimal 
hydropower capacity loss (Roy et al. 2018). The analyses presented here support these 
costs as effective restoration tools for river systems with broad positive impacts on 
marine ecosystems. 
Although river infrastructure modifications can be costly, the overall ecological 
benefits offered by providing access to the upper parts of watersheds can improve 
riverine and marine food webs (Mattocks et al. 2017). The resilience of species to natural 
and anthropic disturbances (Waldman et al. 2016) can translate into revenue for 
recreational and commercial fisheries, and reduced regulations on other human activities. 
Anadromous fishes rely on multiple habitats, therefore habitat restoration provides the 
watershed-level habitat complexity fundamental to a resilience-based approach 
(Waldman et al. 2016). Anadromous fishes have strong phenologic responses to physical 
processes, they enter riverine habitat during the spring, and exit in the fall (Staudinger et 
al. 2019). Therefore, patterns in river flows are important components of the cues used by 
anadromous fish during their spawning migration. Dams impact anadromous fish both 
through lost connectivity and by altering the physical characteristics of freshwater 
systems. 
It is important to note that we analyzed the potential of just three watersheds and 
one species in the alosine group. Thus, our model underestimates the true potential of 
restoring the entire group.  
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Impacts of Fisheries 
Management decisions involving forage species fisheries can lead to trade-offs 
among different fishing sectors. For example, in the California Current, increased fishing 
effort targeting forage species led to higher revenue for the sector, but it also impacted the 
catch of apex predators (Koehn et al. 2017). Although riverine habitat connectivity is the 
main driver of anadromous fish population losses, marine mortality was found to be a 
highly sensitive parameter in alewife population estimations (Barber et al. 2018). Part of 
marine mortality results from bycatch in the Atlantic herring and mackerel fisheries, thus 
a reduction of fishing effort would not only benefit the two target species, but also reduce 
impacts on anadromous alosine stocks.  
Established in 2014, the river herring/shad (RH/S) catch cap was designed to limit 
RH/S catch and account for both landings and discards. Catch caps were implemented for 
Atlantic herring GOM Midwater Trawl, Cape Cod Midwater Trawl, SNE Midwater Trawl, 
and SNE Bottom Trawl, and Atlantic mackerel vessels. On March 12, 2019, the 82 mt 
RH/S catch quota was reached, resulting in closure of the mackerel fisheries for the second 
consecutive year. Yet, catch caps may offer limited population improvement if overall 
fisheries regulations increase predator biomass.  
In addition to the RH/S catch caps, implementation of the Atlantic herring 
spawning closure areas (Eastern Maine, Western Maine, Massachusetts/ New Hampshire) 
within management area 1A (ASMFC, 2016), and more recently a measure was approved 
(Amendment 8) to recover depleted herring stocks in the region by closing the fishery to 
midwater trawlers within a 12-nautical mile buffer from shore and reduce acceptable 
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biological catch to 80% of sustainable harvest. Besides protecting Atlantic herring 
spawning stock biomass, these area closures possibly benefit river herring, as these 
schooling species present a high probability of habitat overlap in coastal areas (Turner et 
al. 2017). Closure timing coincides with the fall exodus, when young-of-the-year migrate 
to the coastal ocean environment (Staudinger et al. 2019).    
Our models also show that, despite a decrease in fishing effort, functional group 
responses varied widely. Fine resolution information about fishing effort and separating 
the different fleets would allow the implications of species-specific management strategies 
to be explored in detail. We observed moderate positive impact on Atlantic herring biomass 
driven by fishing effort reduction. Besides the positive effect for Atlantic herring, fishing 
effort reduction showed a major positive impact on groundfish functional groups, 
highlighted by Atlantic cod and summer flounder.  However, effort reduction also resulted 
in lost revenue to local communities due to reduced catches, processing and support 
services. 
Management Moving Forward 
Forage fish species should be managed as a complex, as they fill similar niches 
and are vulnerable to similar anthropogenic stressors in the marine ecosystem. These 
stressors can influence and reduce diversity within the functional groups, causing 
reductions in the temporal stability of ecosystem functions to occur at higher rates than 
the decreases in flow of ecosystem services (e.g. species intrinsic productivity and 
population parameters (Hooper et al. 2005; Burgess et al. 2019; Dias et al. 2019)). It is 
important, however, to avoid using the forage fish complex as a combined biomass pool, 
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owing to their reference point dynamics and rapid responses to changes in the primary 
productivity of a system (Dickey-Collas et al. 2014; Clausen et al. 2018). Management 
decisions should take into consideration the complementary of forage fish species, and 
set goals towards a sustained overall biomass, while respecting each species dynamics. 
Marine food webs support ecosystem goods and services, including those that 
anadromous fish provide (Limburg & Waldman 2009). Reinstating trophic networks for 
the delivery of ecosystem services is a means to provide resilience to anticipated changes 
(Perring et al. 2015). Therefore, by restoring the lost biomass of some of the forage fish 
complex (such as the anadromous parcel) will benefit the GOM marine ecosystem. 
Increasing anadromous biomass to produce a more redundant forage base can achieve a 
successful niche-based portfolio effect, which links productivity with the functional 
complementarity of stocks (Clausen et al. 2018; Dias et al. 2019). Anadromy provides a 
distinct life trait to the forage complex that complements fully marine species. When 
referring to the forage fish complex in terms of management, it is still important to account 
for interannual differences in the productivity, recruitment, natural mortality of stocks 
(Dickey-Collas et al. 2014; Clausen et al. 2018). 
All scenarios show Atlantic herring as the main forage species for the entire range 
of predators. Thus, recent low recruitment and the stock’s likely return to an overfished 
status raises concerns for the functional group, including lack of forage base redundancy 
in the GOM ecosystem. Loss of functional redundancy in the ecosystem could imply 
decreased resilience to additional stress (Burgess et al. 2019; Dias et al. 2019).  
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To achieve anadromous fish recovery, management strategies must identify the 
major threats and design strategies that consider all the different habitats that these 
versatile fish use throughout their lives. In our case, the combination of improved riverine 
habitat connectivity and reduction in fisheries effort (scenario 3) provided the best 
management results. However, we are still filling gaps regarding impacts on other species 
within the anadromous forage fish functional group. Moreover, the consequences of the 
management actions will impact different human groups. Fisheries closures will 
adversely affect coastal communities, and habitat restoration will alter recreational use 
and energy production from freshwater. Who should pay for restoration is an important 
consideration, but this study suggests that considering river restoration within the 
framework of infrastructure needs will lead to widespread improvement of freshwater 
and marine ecosystems. 
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CHAPTER 6 
CONCLUSIONS 
 
The management of marine ecosystems would not be effective without proper 
tools to address its goals and priorities. Thus, this dissertation’s main aim was to develop 
tools to support the management of marine resources and of species of concern, and aid 
in decision making. Here, I have highlighted the importance of considering local and 
regional management priorities to create operational models.  
The costs of monitoring species of concern in data-limited settings can prove 
challenging. My goal was to use that scarce data to build suitability models which would 
move towards the design of effective SOC monitoring programs in two MPAs in the 
Amazon Delta. 
Chapter 2 showed the first confirmed reports of sea turtles in the Algodoal-
Maiandeua EPA. Although I did not develop spatial tools for the EPA, the outcomes of 
this project set the information baseline to justify management efforts to understand the 
ecological role of sea turtles within the EPA.  
Chapter 3 was the first mapping exercise considering species of concern at the 
Soure MER. It provided an understanding of coastal land use and a basis for the 
development of future work at the protected area. The goals of this chapter were to: 1) Map 
all the human activities occurring within and adjacent to the MER; 2) Map sightings of 
species of concern within and adjacent to the MER; and 3) Develop spatial-based models 
within ArcGIS to identify and prioritize monitoring areas to reduce future monitoring costs 
for management. Therefore, I delimited and classified monitoring priority zones within the 
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MER and buffer area and determined that 30% of the MER areas were of medium, high or 
extremely high monitoring priority. Developing monitoring prioritization in a marine 
protected area in the Amazon is pioneering work, and I see the value of replicating this 
methodology in other parts of the world.  
In the Northeast US management objectives highlight the importance of 
incorporating an Ecosystem Approach to the management of marine resources. In the 
second portion of my dissertation I focused on alewife, a component of river herring and 
the alosine group, and their historical role in the marine ecosystem. River herring and 
American shad are categorized as SOC due to their current depleted population status.  
The goal of Chapter 4 was to simulate the ecosystem effects of alewife landscape-
based restoration in the Northeast US Large Marine Ecosystem considering contemporary 
estimates of alewife population levels, and then incorporating historical estimates of 
alewife biomass in the same models to understand how lost alewife productivity and their 
potential recovery affect this ecosystem. My analysis consisted of building food-web based 
ecosystem models within the Ecopath with Ecosim (EwE) framework. These objectives 
were to: 1) generate a model using contemporary alewife data for the entire Northeast US 
Large Marine Ecosystem; 2) generate a second model reconstructing alewife biomass 
before significant population declines occurred from high fishing pressure and loss of 
freshwater spawning habitat due to dam construction, based on the historical landscape-
based estimates made in Mattocks et al. 2017; and 3) estimate the influence of alewife 
biomass changes on primary forage fish predators. I found that there was potential for a 
moderate biomass increase in piscivorous species with high economic value, including 
Atlantic cod, and for a major increase in species of conservation concern such as pelagic 
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sharks, seabirds and marine mammals. My study highlighted the benefits of increased 
connectivity between freshwater and ocean ecosystems. I demonstrated the significant role 
anadromous forage fish could play in improving specific fisheries and overall ecosystem 
functioning, mainly through diversification of the species transferring primary production 
to upper trophic levels––additional benefits associated with their restoration. 
The goal of Chapter 5 was to test different management strategies to promote 
alewife recovery within the Ecosim framework, the dynamic component of food web-
based ecosystem modeling. I reached this objective by: 1) building an Ecopath model 
considering the geographic area of the Gulf of Maine; 2) fitting a time series of forage 
fish populations to the model; 3) building management scenarios focused on fishing 
effort reduction and restoring river to ocean habitat connectivity; and 5) projecting the 
scenarios to identify the best management scenario for the Gulf of Maine, depending 
upon objectives. I found that the alosine functional group experienced little impact from 
changes in fishing effort. However, when improved habitat connectivity was added to the 
fishing effort reduction scenario, we observed a multiple order of magnitude biomass 
increase. This suggests the importance of river to ocean habitat connectivity, captured in 
the models as a forcing function, in achieving alosine biomass increase. This work 
highlights the need to test management strategies in order to design the best approaches 
to recover anadromous forage fish to its former ecological prominence. 
Some of the data, models and recommendations developed in this dissertation 
have already been used by governmental agencies in Brazil to inform the Soure MER 
management plan, and in the US to highlight the importance of fish passage in Northeast 
US Androscoggin watershed. In conclusion, this dissertation offers tools to managers in 
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both data-limited and data-rich setting, reiterating that models can be implemented to 
answer different questions and advance knowledge vital to marine conservation and 
resource use. 
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APPENDIX A 
SUPPLEMENTAL MATERIAL AND TABLES FOR CHAPTER 3 
Table A.1: Fisheries gear and grounds information compiled by Soure Marine Extractive 
Reserve.  
Id Weir Latitude Longitude 
w1 Weir -0.74356 -48.4965 
w2 Weir -0.7426 -48.5085 
w3 Weir -0.74296 -48.5078 
w4 Weir -0.74301 -48.507 
w5 Weir -0.74272 -48.5062 
OS1 Gillnets and Longline -0.49904 -48.4508 
OS2 Gillnets and Longline -0.61967 -48.2799 
OS3 Gillnets and Longline -0.73565 -48.3142 
OS4 Gillnets and Longline -0.74871 -48.4286 
OS5 Gillnets and Longline -0.67521 -48.4367 
OS6 Gillnets and Longline -0.71441 -48.3796 
OS7 Gillnets and Longline -0.63437 -48.373 
OS8 Gillnets and Longline -0.5625 -48.4449 
OS9 Gillnets and Longline -0.58047 -48.3338 
OS10 Gillnets and Longline -0.55924 -48.3975 
OS11 Gillnets and Longline -0.45143 -48.4253 
OS12 Gillnets and Longline -0.50207 -48.4253 
OS13 Gillnets and Longline -0.40896 -48.3305 
OS14 Gillnets and Longline -0.4498 -48.2423 
OS15 Gillnets and Longline -0.33709 -48.2701 
OS16 Gillnets and Longline -0.34526 -48.3305 
OS17 Gillnets and Longline -0.27992 -48.324 
OS18 Gillnets and Longline -0.24889 -48.3616 
OS19 Gillnets and Longline -0.20152 -48.3926 
OS20 Gillnets and Longline -0.19172 -48.4563 
OS21 Gillnets and Longline -0.18682 -48.2881 
OS22 Gillnets and Longline -0.22439 -48.3158 
OS23 Gillnets and Longline -0.25706 -48.2685 
OS24 Gillnets and Longline -0.30933 -48.2848 
OS25 Gillnets and Longline -0.21132 -48.2374 
OS26 Gillnets and Longline -0.30933 -48.2064 
OS27 Gillnets and Longline -0.4596 -48.1803 
OS28 Gillnets and Longline -0.50697 -48.2489 
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OS29 Gillnets and Longline -0.5478 -48.2031 
OS30 Gillnets and Longline -0.61314 -48.208 
OS31 Gillnets and Longline -0.57394 -48.2521 
OS32 Gillnets and Longline -0.4106 -48.2799 
OS33 Gillnets and Longline -0.19989 -48.5037 
OS34 Gillnets and Longline -0.20969 -48.5462 
OS35 Gillnets and Longline -0.18192 -48.569 
OS36 Gillnets and Longline -0.16232 -48.4939 
OS37 Gillnets and Longline -0.15578 -48.4204 
OS38 Gillnets and Longline -0.14925 -48.3469 
OS39 Gillnets and Longline -0.15578 -48.293 
OS40 Gillnets and Longline -0.14762 -48.2374 
OS41 Gillnets and Longline -0.17539 -48.2064 
OS42 Gillnets and Longline -0.22112 -48.1705 
OS43 Gillnets and Longline -0.35343 -48.1835 
OS44 Gillnets and Longline -0.37629 -48.2554 
OS45 Gillnets and Longline -0.37466 -48.3158 
OS46 Gillnets and Longline -0.53449 -48.4237 
OS47 Gillnets and Longline -0.21697 -48.4489 
OS48 Gillnets and Longline -0.45966 -48.321 
OS49 Gillnets and Longline -0.45315 -48.3748 
OS50 Gillnets and Longline -0.52514 -48.3381 
OS51 Gillnets and Longline -0.39964 -48.1987 
OS52 Gillnets and Longline -0.53172 -48.4572 
OS53 Gillnets and Longline -0.49793 -48.4483 
OS54 Gillnets and Longline -0.50069 -48.4497 
StNet1 Stationary Nets -0.38847 -48.4138 
StNet2 Stationary Nets -0.39281 -48.4163 
StNet3 Stationary Nets -0.39234 -48.4191 
StNet4 Stationary Nets -0.40801 -48.4339 
StNet5 Stationary Nets -0.42478 -48.4444 
StNet6 Stationary Nets -0.43038 -48.446 
StNet7 Stationary Nets -0.43151 -48.4451 
StNet8 Stationary Nets -0.43346 -48.4465 
StNet9 Stationary Nets -0.43536 -48.4452 
StNet10 Stationary Nets -0.43846 -48.4469 
StNet11 Stationary Nets -0.47827 -48.46 
StNet12 Stationary Nets -0.48232 -48.4608 
StNet13 Stationary Nets -0.52666 -48.4753 
StNet14 Stationary Nets -0.52282 -48.4729 
StNet15 Stationary Nets -0.53556 -48.4768 
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Table A.2: Sea turtle sightings report and nests documentation. 
ID Species Latitude Longitude Date Description 
STsitting9 Unknown -0.68349 -48.4791 06/13/14 Sea turtle sighting 
STsitting1 Unknown -0.30755 -48.3181 06/13/14 Sea turtle sighting 
STsitting2 Unknown -0.32335 -48.3375 06/13/14 Sea turtle sighting 
STsitting3 Unknown -0.46201 -48.2764 06/13/14 Sea turtle sighting 
STsitting4 Unknown -0.50583 -48.3152 06/13/14 Sea turtle sighting 
STsitting5 Unknown -0.53601 -48.3418 06/13/14 Sea turtle sighting 
STsitting6 Unknown -0.57049 -48.3655 06/13/14 Sea turtle sighting 
STsitting7 Unknown -0.61935 -48.3691 06/13/14 Sea turtle sighting 
STsitting8 Unknown -0.76088 -48.4948 06/13/14 Sea turtle sighting 
Open nest Unknown -0.3495 -48.3914 06/14/14 Sea turtle nest area 
PEPEUA 1 
Nest Lepidochelys olivacea -0.3935 -48.4218 06/15/14 Sea turtle nest  
Table A.3: Dolphin’s data collected during the field trip.  
ID Species Latitude Longitude Date Description 
Sg1 Sotalia guianensis -0.33921 -48.3876 06/14/14 River dolphin carcass 1 
Sg2 Sotalia guianensis -0.33563 -48.385 06/14/14 River dolphin carcass 2 
Sg3 Sotalia guianensis -0.29472 -48.3767 06/14/14 River dolphin carcass 3 
Sg4 Sotalia guianensis -0.42699 -48.4481 06/15/14 River dolphin carcass 4 
Sg5 Sotalia guianensis -0.49923 -48.4709 06/16/14 River dolphin carcass 5 
Sg6 Sotalia guianensis -0.49923 -48.4709 06/16/14 River dolphin carcass 6 
Ig1 Inia spp. sighting -0.74566 -48.4978 06/16/14  Sighting 
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Table A.4: Home range studies for manatees, estuarine dolphins and sea turtles. M= male, F= female, U= unknown, SD= standard 1 
deviation. 2 
Species 
Minimum 
Convex 
Polygon 
(MCP) 
Kernel Density Estimate (KDE) 
n Life stage Sex 
Study 
area 
Methodology Reference 
Mean 
home 
range 
(km2) 
SD 50% SD 90% SD 95% SD 
Trichecus 
manatus 
  1.36    11.56 8.6 21  M/F Brazil KDE; satellite Normande et 
al., 2016 
Trichecus 
manatus 
  286.61    1974.50  8  M/F Belize KDE; satellite Castelblanco-
Martínez et 
al., 2018 
Sotalia 
guianensis 
21.91  4.36    17.28  Groups   Southeast 
Brazil 
MCP and 
KDE; satellite 
Wedekin et 
al., 2007  
Sotalia 
fluviatilis 
13.38 1.92 1.49 0.05   15.22 0.66 Groups  F/U Southeast 
Brazil 
MCP and 
KDE; satellite 
Flores and 
Bazzalo, 
2004 
Sotalia 
guianensis 
17.5 12.4 4.2 4.1   13.50 13.8 Groups    fixed kernel 
with least-
squares cross- 
validation 
(LSCV), MCP; 
Mark-recapture 
Oshima and 
Santos, 2016 
Inia 
araguaiana 
7.44 5.25     14.55  13   Tocantins 
River, 
Brazil 
Mark-recapture Moreira 
Junior, 2017 
Caretta 
caretta 
  13.1  78.2  152.4  25 Adult M/F Zakynthos 
island, 
Greece 
Daily Kernel; 
satellite 
Schofield et 
al., 2010 
Caretta 
caretta 
741.4 750.2 61.9    275.60 113.6 30  Adult F Gulf of 
Mexico 
MCP (n=30), 
KDE (n=10); 
satellite 
Hart et al., 
2013 
Chelonia 
mydas 
  0.14 0.04   0.74 0.159 11 Juvenile U Australia Fixed KDE; 
acoustic 
telemetry 
Hazel et al., 
2013 
Chelonia 
mydas 
  89.9  351.3    15 Adult/inter-
nesting 
F French 
Guiana 
KDE; satellite Chambault et 
al., 2016 
Chelonia 
mydas 
  512.7      25 Adult/inter-
nesting 
F French 
Guiana 
KDE; satellite Chambault et 
al., 2016 
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Chelonia 
mydas 
2.38 1.78       6 Juvenile U Palm 
Beach, FL 
MC; ultrasonic 
telemetry 
Makowski et 
al., 2006 
Chelonia 
mydas 
3.54 1.31     1.82 0.31 8 Juvenile U Gulf of 
Mexico 
MCP and 
KDE; acoustic 
telemetry 
Lamont et 
al., 2015 
Chelonia 
mydas 
16 3.24        Subadult M/U Bahia de 
los 
Angeles, 
MX 
MCP; radio 
and sonic 
telemetry 
Seminoff et 
al., 2002 
Eretmochelys 
imbricata 
0.36 0.2 5.46      6 Juvenile U Honduras Fixed Kernel 
Density; 
radiotelemetry 
Berube et al., 
2012 
Eretmochelys 
imbricata 
2122        3 Adult/inter-
nesting 
 Dominican 
Republic 
MCP; satellite Hawkes et 
al., 2012 
Eretmochelys 
imbricata 
10.1 7.3     0.49 0.35 6 Subadult U Southeast 
Florida 
MCP and 
KDE; satellite 
Wood et al., 
2017 
Eretmochelys 
imbricata 
  14.29      3 Subadult  Dry 
Tortugas 
KDE; satellite Hart et al., 
2012 
Lepidochelys 
olivacea 
  423  2916    20 Adult/inter-
nesting 
F French 
Guiana 
KDE; satellite Chambault et 
al., 2017 
Lepidochelys 
olivacea 
1141 1066 173.80     91.9 10 Adult/ 
foraging 
F Brazil MCP and 
KDE; satellite 
Silva et al., 
2011 
Lepidochelys 
olivacea 
5223.8  490.90      6* Adult/inter-
nesting 
F Brazil MCP and 
KDE; satellite 
Silva et al., 
2011 
 *Subsample of the 10 total number of turtles. 3 
 4 
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Table A.5: Characteristics of the main fisheries within the MERs of Para State coastal zone (Silva 
2004).  
Habitat Depth 
(m) 
Gear Gear 
size 
(m) 
Boat type Boat 
size 
Motor Days 
of 
sea 
Crew Target Fishes 
Offshore < 40 Gillnet 3000- 
6000 
m 
Motorized 
boat 
12 m < 200 
hp 
10 - 
25 
4 - 12 Cynoscion 
acoupa 
Offshore < 40 Longline 2000 
m, 
3000 
hooks 
Motorized 
boat 
< 12m  <200 
hp 
14 8 Arius parkeri, 
sharks 
Offshore 
and 
Coastal 
20 Line 
 
Motorized 
boat 
12m  <200 
hp 
10 9 Lutjanus 
purpureus 
Coastal < 30 Gillnet 1000 
m 
Motorized 
boat 
12m  < 200 
hp 
11 4 Scomberomorus 
brasiliensis 
Coastal < 30 Longline 2000 
m, 500 
hooks 
Motorized 
boat 
<12 m  20 hp 4 4 Bagre bagre,  
A. herzbergii,  
Sciades proops 
Estuary < 30 Gillnet 500 m Motorized 
canoe 
< 12 m 20 hp 7 3 - 4 Mugil sp.,  
Macrodon 
ancylodon 
Estuary 15 Gillnet 3000- 
5000 
m 
Motorized 
boat 
<12 m  20 hp 8 5 Brachyplatystoma 
vaillantii,  
B. rousseauxii, 
 Plagioscion 
squamosissimus 
Estuary <20 Longline <1000 
m 
Motorized 
boat 
<12 m  < 
20hp 
4 3 B. bagre,  
A. herzbergii,  
S. proops 
Estuary 15 Gillnet <500 
m 
Canoe and 
oar 
< 8   1 - 2 2 - 3 Genyatremus 
luteus,  
Mugil sp,  
B. bagre 
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APPENDIX B 
CONTEMPORARY ALOSINE BIOMASS AND RESTORED ALOSINE BIOMASS MODEL 
DOCUMENTATION AND SUPPLEMENTAL MATERIAL AND TABLES FOR CHAPTER 
4 
The data used to build the Ecopath with Ecosim model came from the Northeast 
Fisheries Science Center (NEFSC NOAA) bottom trawl survey, Atlantic States Marine 
Fisheries Commission (ASMFC) stock assessments, Virginia Institute of Marine Sciences 
(VIMS), Ecosystem Modelling Analysis eXercise (EMAX), and peer-reviewed publications.  
The EMAX project (Link et al. 2006, 2008) generated a comprehensive database for the 
four sub-regions of the Northeast US large marine ecosystem (NEUS LME): the Gulf of Maine, 
Georges Bank Southern New England, and Middle Atlantic Bight. Scientists, from diverse 
disciplines such as physical oceanography, biology, and the social sciences, generated 
parameters for 36 functional groups within the region. Our base model (CAB) expanded the 
EMAX project’s functional group resolution, sensu Link et al. (2006, 2008). We also employed 
the same time scale (year block 2000 covered the years1996 to 2000), however we used a 
weighted average of the input parameters (B, P/B, Q/B, and diets) to build our models for the 
NEUS LME (246,662 km2), incorporating stock assessment information for additional groups. 
Catch data were obtained at http://www.st.nmfs.noaa.gov/commercial-fisheries/index 
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and http://www.st.nmfs.noaa.gov/recreational-fisheries/index. We summed species-specific 
landings from all the coastal states from Maine to North Carolina, and aggregated gear types 
into seven distinct categories: dredge, trawl, traps, gillnets, purse seine, recreational, and other 
(gear that did not fit elsewhere). We used stock assessment data for managed species due to its 
superior resolution. Eight functional groups were divided into size classes to account for 
ontogenetic differences, using catch-at-age data from stock assessments to determine landings 
and discards. 
Diets for nodes 2-15 and 52-59 were obtained from the EMAX model (Link et al. 2006). 
For fished species, we acquired diet data from NEFSC trawl surveys and through the VIMS fish 
food habits database, which includes diet data from the Northeast Area Monitoring and 
Assessment Program (NEMAP) and the Chesapeake Bay Multispecies Monitoring and 
Assessment Program (ChesMMAP). For functional groups divided into size classes, we used a 
size selectivity approach developed by Andre Buchheister and colleagues (Buchheister et al. 
2017b, a) in parallel collaboration with our work. 
We used PREBAL analysis prior to balancing (Figure B.1) to find violations in our 
Ecopath assumptions (Link (2010) describes this approach). 
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Figure B.1: Pre-balancing visual output. (A) Trophic decomposition (trend line) for biomass. 
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(B) Annual Production per biomass. (C) Consumption per biomass. Proximity to the trend line 
shows that starting input values are as expected. The numbers represent the nodes shown in the 
model documentation bellow. 
For each estimate, we classified source and data quality using the EwE pedigree routine. 
To assess uncertainty around parameters of both the Contemporary (CAB) and the Restored 
Alosine Biomass (RAB) models, we resorted to ensemble parametrization. This technique 
generates a series of ecopath models using data pedigree to determine the confidence interval 
scoring for each point parameter (Aydin et al. 2007; Kearney 2012). Kearney’s createensemble 
method (Kearney 2017), part of the ecopath_matlab implementation, generated 10000 
interactions for Biomass, PB and Q/B ratios,  using the lognormal distribution with mean (x) 
and variance ([pedigree.x/2]2) (Figures B.2 to B.7). It is important to note that the ensemble 
analysis was executed only for the input parameters, not the parameters generated by the 
ecopath model, as we don’t have the pedigrees associated with the estimates (e.g. Figures B.2 
and B.5 difference in the number of functional groups). The P/B and Q/B ratios remained the 
same for both models, and the plots are a replication.  
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Figure B.2: Contemporary Alosine Biomass (CAB) model biomass ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). 
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Figure B.3: Contemporary Alosine Biomass (CAB) model P/B ratio ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). 
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Figure B.4: Contemporary Alosine Biomass (CAB) model Q/B ratio ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). 
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Figure B.5: Restored Alosine Biomass (RAB) model biomass ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). Groups shown depict all biomass input 
parameters. 
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Figure B.6: Restored Alosine Biomass (RAB) model P/B ratio ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). Results equal the CAB model results. 
 
Figure B.7: Restored Alosine Biomass (RAB) model Q/B ratio ensemble plot. For better 
visualization, the x-axis scale is logarithmic (base 10). Results equal the CAB model results. 
 
Mixed trophic impact analysis shows the effects that biomass changes of determined 
group has upon the other groups in the system(Christensen et al. 2008). Diets were not 
substantially changed, therefore the CAB and RAB mixed trophic impacts (MTI) matrices are 
not substantially different (Figures B.8 and B.9). 
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Figure B.8: Contemporary Alosine Biomass (CAB) Mixed Trophic Impacts. 
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Figure B.9: Restored Alosine Biomass (RAB) Mixed Trophic Impacts. 
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Model documentation 
The model documentation applies for the Contemporary Alosine Biomass (B, P/B, Q/B, 
and Diet) and Restored Alosine Biomass (P/B and Q/B) model parameters. Ecotrophic 
efficiencies (EE) for RAB model were obtained from CAB model output.  
Node 1. Phytoplankton 
Phytoplankton functional group parameters were obtained from EMAX model initial 
input data by combining the total biomass of all regions and dividing by the total area (246662 
km2). Biomass was estimated to be 20.13 mt.km-2, while P/B (yr-1) input was 180.7. Estimates 
were derived from in situ vertical profiles of chlorophyll a and SeaWiFS remote sensing data. 
Node calculations are found in Link et al.(Link et al. 2006).  
Node 2. Bacteria 
Bacteria biomass (3.827 mt.km-2) and P/B (91.25) were derived from EMAX models. 
P/Q (0.5 yr-1) was obtained from the EwE user guide (Christensen et al. 2008) and Heymans et 
al. (Heymans et al. 2016). We generated diet data from the EMAX models using weighted 
averages from each sub-region (combining the total diet of all regions and dividing by the total 
area, 246662 km2).  
Node 3. Microzooplankton  
 137 
 
The microzooplankton functional group includes protozoa, ciliates, flagellates, and 
larval stages of benthic invertebrates (meroplankton) (Link et al. 2006; Buchheister et al. 
2017b). Biomass (3.16 mt.km-2) and P/B (71 yr-1) were estimated from EMAX initial inputs, 
and Q/B (242.42 yr-1) was derived from the EMAX balanced estimate. Diet data were estimated 
using the methods described for Nodes 1 and 2. 
Nodes 4 and 5. Copepods S and L  
Small copepods comprise the stage I-IV copepodites of large copepod species, and the I-
VI copepodites stages of Centropages hamatus, Pseudocalanus spp., Temora longicornis, 
Paracalanus parvus, Nannocalanus minor, and Clausocalanus arcuicornis. Large copepod 
species include V and VI copepodites stages of Calanus finmarchicus, Metridia lucens, and 
Centropages typicus. Parameters inputs are in Table B.1. Diet data were compiled as for Node 
2. 
Table B.1: Copepods groups data and data sources.  
Node Group name B (mt.km-2) Data source 
P/B 
(yr-1) 
Data source Q/B (yr-1) Data source 
4 Copepods S 7.81 
EMAX 
initial inputs 
42.57 
EMAX 
balanced 
outputs 
127.75 
EMAX balanced 
outputs 
5 Copepods L 7.63 
EMAX 
balanced 
outputs 
48.52 
EMAX 
initial 
inputs 
109.50 
EMAX balanced 
outputs 
 
Node 6. Gelatinous zooplankton 
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The gelatinous zooplankton functional group includes cnidarians, ctenophores, colonial 
siphonophores, and salps. Estimates were obtained from the weighted average of EMAX 
balanced outputs. Biomass was 1.013 mt.km-2, P/B was 37.967 yr-1, and Q/B was 145.326 yr-1. 
Diet data were compiled as described for Node 2. 
Node 7. Micronekton 
The micronekton group is made up of large-bodied plankton falling within, or larger 
than the 5-10mm range, including Amphipoda, Euphausiacea, Mysidacea, Decapoda, and 
Chaetognatha. Biomass (7.65 mt.km-2) and Q/B (85.49 yr-1) parameters were derived from 
EMAX balanced outputs, while P/Q (14.25 yr-1) came from raw inputs (Link et al. 2006). Diet 
data was compiled as for Node 2. 
Nodes 8 to 11. Macrobenthos (polychaete, crustaceans, mollusks, and others) 
Macrobenthos groups were created according to Link et al. (Link et al. 2006). Input 
parameters and sources are described in Table B.2, and Table B.3 lists the taxa in each 
subgroup. Diet data was compiled as for Node 2. 
Table B.2: Macrobenthos groups data and data sources.  
Node Group name B (mt.km-2) Data source 
P/B 
(yr-1) 
Data source 
Q/B 
(yr-1) 
Data source 
8 
Macrobenthos 
polychaete 
14.68 
Estimate 
started from 
EMAX initial 
inputs 
2.51 
EMAX 
balanced 
outputs 
17.5 
EMAX balanced 
outputs 
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9 
Macrobenthos 
crustaceans 
5.89 
EMAX initial 
inputs 
3.06 
EMAX 
balanced 
outputs 
21 
EMAX balanced 
outputs 
10 
Macrobenthos 
mollusks 
8.34 
EMAX initial 
inputs 
2.04 
EMAX 
balanced 
outputs 
13.95 
EMAX balanced 
outputs 
11 
Macrobenthos 
others 
8.89 
Estimate 
started from 
EMAX initial 
inputs 
2.02 
EMAX 
balanced 
outputs 
16.06 
EMAX balanced 
outputs 
 
Table B.3: Macrobenthos groups and respective lists of taxa. 
Macrobenthos polychaete Macrobenthos crustaceans Macrobenthos mollusks Macrobenthos others 
Aglaophamus circinata Ampelisca agassizi Anomia aculeata Actinauge verrilli 
Ampharete arctica Ampelisca vadorum Aporrhais occidentalis Actiniaria unident. 
Anobothrus gracilis Amphipoda unident. Astarte crenata Amphioplus abditus 
Aphrodita hastata Byblis serrata Astarte undata Anthozoa 
Aphrodita sp. Cirolana polita Bivalvia unident. Arachnida 
Asabellides oculata Cirolana sp. Buccinum sp. Arbacia punctulata 
Capitellidae Corophium crassicorne Buccinum undatum Arbacia punctulata 
Chone infundibuliformis Crangon septemspinosa Busycon canaliculatum Ascidiacea 
Filograna implexa Diastylis quadrispinosa Colus pubescens Asteroidea 
Glycera dibranchiata Edotea acuta Colus pygmaeus Asteroidea 
Lumbrineris acicularum Gammarus annulatus Colus stimpsoni Brisaster fragilis 
Lumbrineris hebes Isopoda unident. Cyclocardia borealis Ceriantheopsis americanus 
Lumbrineris magalhaensis Leptocheirus pinguis Ensis directus Cerianthus sp. 
Lumbrineris sp. Meganyctiphanes sp. Euspira heros Craniella  
Maldane sarsi Pagurus acadianus Gastropoda unident. Cucumariidae unident. 
Nephtys bucera Pagurus longicarpus Lunatia triseriata Echinarachnius parma 
Nephtys incisa Pagurus pollicaris Modiolus modiolus Echinarachnius parma 
Nephtys picta Pagurus pubescens Mytilus edulis Edwardsia elegans 
Nephtys sp. Pagurus sp. Nassarius trivittatus Encope emarginata 
Ninoe nigripes Politolana impressa Neverita duplicata Havelockia scabra 
Onuphis opalina Politolana polita Nucula proxima Hydrozoa 
Pherusa affinis Pseudunciola obliqua Nucula sp. Hydrozoa 
Polychaeta unident. Rhepoxynius hudsoni Pitar morrhuanus Mellita quinquiesperforata 
Scalibregma inflatum Unciola inermis Pleurobranchaea sp. Molgula arenata 
Spio filicornis Unciola irrorata Pleurobranchaea tarda Molpadia oolitica 
Spio setosa Unciola sp.  Ophiura sarsi 
Spiophanes bombyx   Ophiuroidea unident. 
Sternaspis fossor   Paranthus rapiformis 
Sternaspis scutata   Pennatula aculeata 
Streblosoma sp.   Porifera 
   Rhynchocoela 
   Schizaster sp. 
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   Sclerodactyla briareus 
   Steroderma unisemita 
   
Strongylocentrotus 
droebachiensis 
Nodes 12 and 13. Megabenthos filter feeders and other 
Large-bodied benthic invertebrates fall in the megabenthos category. Megabenthos filter 
feeders include commercially exploited bivalves (Artica islandica, Mercenaria mercenaria, 
Placopecten magellanicus, and Spisula solidissima). Input parameters were estimated from 
EMAX models, as previously described. Biomass (2.99 mt.km-2) was derived from EMAX 
inputs (Link et al. 2006), using NEFSC clam surveys from 1997 and 1999. P/B (3.93 yr -1) and 
Q/B (16.51 yr-1) were derived from EMAX balanced estimates (Link et al. 2008). The other 
Megabenthos group includes sea stars and large arthropods, such as horseshoe crabs and 
lobsters (Table B.4). Biomass (4.49 mt.km-2) was estimated from the initial EMAX biomass 
input (NEFSC bottom trawl survey), P/B (1.89 yr-1) was calculated from EMAX balanced 
outputs, Q/B (9.53 yr-1) started as the EMAX Gulf of Maine model estimate but was modified 
during the balancing process. Diet data were compiled as for Node 2. 
Table B.4: Megabenthos-other list of family, genus, and species. 
Megabenthos other 
Asterias forbesii Galatheidae Octopus vulgaris 
Asterias vulgaris Geryon affinis Ovalipes ocellatus 
Astropecten spp. Geryon fenneri Ovalipes stephensoni 
Calappa flammea Geryon quinquedens Paguristes erythrops 
Calappa sulcata Hepatus epheliticus Panulirus argus 
Callinectes sapidus Homarus americanus Portunus gibbesii 
Callinectes similis Leptasterias sp. Scyllarides aequinoctialis 
Cancer borealis Libinia dubia Scyllarides nodifer 
Cancer irroratus Libinia emarginata Solaster sp. 
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Carcinus maenas Limulus polyphemus Squilla  
Chionoecetes opilio Lithodes maja Stomatopoda  
Node 14. Shrimp 
This functional group includes a variety of species (Farfantepenaeus aztecus, 
Farfantepenaeus duorarum, Litopenaeus setiferus, Pandalus borealis, Pandalus spp., Pandalus 
montagui, Pandalus propinquus, Pasiphaea multidentate, Rimapenaeus constrictus). The initial 
biomass value from the EMAX biomass input increased during the balancing process to a final 
biomass of 1.96 mt.km-2. Uncertainty in the EMAX estimates prompted us to allow extra room 
for changes. For P/B (1 yr-1) we used a weighted average of initial EMAX input data and 
employed the EMAX Q/B (5 yr-1) input. Diet data was compiled as described for Node 2. 
Node 15. Mesopelagic 
The group includes lanternfishes (Myctophidae) and marine hatchefishes (Maurolicus 
sp.). For biomass (0.15mt.km-2) and P/B (0.65 yr-1) we started with EMAX output values, which 
were changed slightly during the balancing process (Link et al. 2008). The EMAX output for 
Q/B (1.82 yr-1) remained the same for this group. Diet data was compiled as described for Node 
2. 
Node 16. Atlantic herring 
Atlantic herring (Clupea harengus) support an important fishery in the Northeast US. 
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Over many years, its population complex has undergone steep decline followed by quick 
recovery (Overholtz & Friedland 1998). We relied on data from the Atlantic herring stock 
assessment (NEFSC 2012a). Biomass was estimated to be 6.19 mt.km-2, and the P/B ratio was 
0.62 yr-1 (Buchheister et al. 2017b). The Q/B (1.97 yr-1) was based on EMAX estimates (Link et 
al. 2008). The NEFSC trawl survey’s food habits program determined diet composition 
(Buchheister et al. 2017b).  
Node 17. Anadromous alosine 
The anadromous alosine functional group encompasses American shad (Alosa 
sapidissima), as well as blueback herring (A. aestivalis) and alewife (A. pseudoharengus) 
(together river herring). Biomass (0.076 mt.km-2) for anadromous alosine group was based on 
NEFSC survey estimates, with catchability corrected for the 2000 year-block. The EMAX 
model input value for P/B (0.44 yr-1) was changed during the balancing process, due to the high 
group mortality, resulting in as estimate of 1.3 yr-1. The Q/B ratio, 9.4 yr-1, averaged herring and 
alewife consumption ratios for the EMAX Chesapeake Bay model (Christensen et al. 2009). 
Diet composition integrated and averaged fish food habit data from NEFSC and NEAMAP 
surveys (Buchheister et al. 2017b). 
Nodes 18 to 20. Atlantic menhaden S, M and L 
Atlantic menhaden (Brevoortia tyrannus) are part of the forage fish complex. Copious 
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information about this valuable, heavily fished species allowed us to separate them in different 
age/size classes according to Buchheister et al. (Buchheister et al. 2017b) (S = age 0, ≤ 14 cm; 
M = age 1-2, 15-24 cm; L = age 3+, >24). Stock assessments provided biomass estimates for the 
individual size classes (SEDAR 2015), each of which was treated as a different functional group 
to simplify analysis. Biomasses for the small, medium and large Atlantic menhaden groups were 
1.58, 2.87 and 0.48 mt.km-2, respectively. For the large class, our initial stock assessment 
estimate of 0.43 mt.km-2 increased by 0.05 mt.km-2 during balancing.  
The P/B ratios are given at the population level. Therefore, we calculated P/B for each 
age class using Gascuel et al. (Gascuel et al. 2008), who recommended using their empirical 
equation in the absence of data. The P/B ratios for small, medium and large groups were 1.5, 
0.93 and 0.90 yr-1, respectively. Table B.5 shows the P/B values calculated for small, medium 
and large menhaden as well as for other species separated into functional groups by age class.  
The Q/B ratio was set as 15.86 yr-1 for the small Atlantic menhaden functional group 
(Christensen et al. 2009). For medium (7.0 yr-1) and large (4.3 yr-1) groups, Q/B ratios came 
from multistanza calculations based on Christensen et al. (Christensen et al. 2009). Diets 
followed the approach in Buchheister et al.(Buchheister et al. 2017b). 
Table B.5: Parameters for production (P/B) calculation and references. 
Functional groups K Reference 
Trophic 
level Ʈ 
Θ (oC) Reference 
P/B (yr-
1) 
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Atlantic menhaden (S) 0.42 
(Christensen et al. 
2009) 
2.39 18 
(Palomares & 
Pauly 1998) 
1.019 
Atlantic menhaden 
(M) 
0.42 
(Christensen et al. 
2009) 
2.70 18 
(Palomares & 
Pauly 1998) 
0.925 
Atlantic menhaden (L) 0.42 
(Christensen et al. 
2009) 
2.79 18 
(Palomares & 
Pauly 1998) 
0.903 
Bluefish (S) 0.26 
(Salerno et al. 2001; 
Christensen et al. 
2009) 
4.41 24.8 
(Terceiro & 
Ross 1993) 
0.514 
Bluefish (M) 0.26 
(Salerno et al. 2001; 
Christensen et al. 
2009) 
4.45 24.8 
(Terceiro & 
Ross 1993) 
0.510 
Bluefish (L) 0.26 
(Salerno et al. 2001; 
Christensen et al. 
2009) 
4.66 24.8 
(Terceiro & 
Ross 1993) 
0.492 
Striped bass (S) 0.11 
(Christensen et al. 
2009) 
4.19 15 
(Anonymous 
2001; Froese & 
Pauly 2018) 
0.240 
Striped bass (M) 0.11 
(Christensen et al. 
2009) 
4.04 15 
(Anonymous 
2001; Froese & 
Pauly 2018) 
0.247 
Striped bass (L) 0.11 
(Christensen et al. 
2009) 
4.21 15 
(Anonymous 
2001; Froese & 
Pauly 2018) 
0.240 
Weakfish (S) 0.26 
(Christensen et al. 
2009) 
4.07 15 
(Shephard & 
Grimes 1983; 
Anonymous 
2001; Froese & 
Pauly 2018) 
0.449 
Weakfish (M) 0.26 
(Christensen et al. 
2009) 
4.31 15 
(Shephard & 
Grimes 1983; 
Anonymous 
2001; Froese & 
Pauly 2018) 
0.430 
Weakfish (L) 0.26 
(Christensen et al. 
2009) 
4.39 15 
(Shephard & 
Grimes 1983; 
Anonymous 
2001; Froese & 
Pauly 2018) 
0.423 
Dogfish (S) 0.11 (Bubley et al. 2012) 4.05 15 
(Anonymous 
2001; Froese & 
Pauly 2018) 
0.247 
Dogfish (L) 0.11 (Bubley et al. 2012) 4.11 15 
(Anonymous 
2001; Froese & 
Pauly 2018) 
0.244 
Atlantic cod (S) 0.28 (NEFSC 2013a) 3.71 12 
(Magnussen 
2007; Froese & 
Pauly 2018) 
0.479 
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Atlantic cod (M) 0.28 (NEFSC 2013a) 3.92 12 
(Magnussen 
2007; Froese & 
Pauly 2018) 
0.459Ch 
Atlantic cod (L) 0.28 (NEFSC 2013a) 4.21 12 
(Magnussen 
2007; Froese & 
Pauly 2018) 
0.434 
Yellowtail flounder 
(S) 
0.90 
SNE MAB (NEFSC 
2012a) 
3.59 10 
(Pauly 1980; 
Froese & Pauly 
2018) 
1.073 
Yellowtail flounder 
(L) 
0.90 
SNE MAB (NEFSC 
2012a) 
3.49 10 
(Pauly 1980; 
Froese & Pauly 
2018) 
1.099 
Summer flounder (S) 0.29 
(Buchheister et al. 
2017b) 
4.24 23 
(Smith & 
Daiber 1977; 
Froese & Pauly 
2018) 
0.563 
Summer flounder (L) 0.29 
(Buchheister et al. 
2017b) 
4.54 23 
(Smith & 
Daiber 1977; 
Froese & Pauly 
2018) 
0.534 
Node 21. Anchovies 
The anchovies functional group includes bay anchovy (Anchoa mitchilli), silver anchovy 
(Engraulis eurystole), and striped anchovy (A. hepsetus). An initial biomass estimate based on 
NEFSC trawl surveys was changed during the balancing process, resulting in a final estimate of 
2.31 mt.km-2. We adopted Christensen and colleagues’ (Christensen et al. 2009) parameters for 
bay anchovy for this functional group: P/B (3 yr-1) and Q/B (10.9 yr-1), and estimated diet using 
NEFSC survey data. 
Node 22. Atlantic mackerel 
Atlantic mackerel (Scomber scombrus) is a small schooling pelagic. Considered to be a 
forage fish today, it once supported a valuable fishery. We obtained the parameters for this 
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functional group from the NEFSC surveys and EMAX models. The biomass estimate was 0.77 
mt.km-2, using NEFSC trawl surveys with corrected catchability. The P/B (0.38 yr-1) and Q/B 
(1.97 yr-1) ratios were derived from the EMAX models’ commercial small pelagics functional 
group, and diets were estimated from NEFSC survey data. 
Node 23. Squid 
The squid functional group is composed of longfin inshore squid (Doryteuthis pealeii) 
and northern shortfin squid (Illex illecebrosus). Biomass (1.06 mt.km-2) was estimated from 
NEFSC survey data, while P/B (0.97 yr-1), Q/B (2.70 yr-1) and diet estimates came from the 
EMAX models, using the approach described in Node 2. 
Node 24. Butterfish 
The butterfish (Peprilus triacanthus) functional group parameter estimates were derived 
from various sources. The final biomass of 0.89 mt.km-2 was based on initial input from the 
NEFSC trawl surveys (0.80 mt.km-2). P/B (1.27 yr-1) was obtained from stock assessments 
(NEFSC 2014a), while the Q/B ratio (1.97 yr-1) was calculated from EMAX models using 
methods described in Node 2. Diets were computed from NEFSC food habits data. 
Node 25. Small pelagics 
 147 
 
The small pelagics functional group includes all other forage fishes with too little 
resolution to form a functional group (Table B.6). Our initial biomass estimate, based on 
NEFSC survey data (0.24 mt.km-2), changed during balancing to result in a final estimate of 
0.29 mt.km-2. The initial P/B estimate, based on EMAX model estimates (0.82 yr-1), changed 
during the balancing process to a final estimate of 0.97 yr-1. The Q/B ratio (4 yr-1) was based on 
the Christensen et al.(Christensen et al. 2009) littoral forage fish group. Diet data were obtained 
from the EMAX models following the methods described in Node 2. 
Table B.6: List of species included in the small pelagic functional group. 
Small pelagics 
Ablennes hians Opisthonema oglinum 
Ammodytes americanus Osmerus mordax 
Ammodytes dubius Peprilus alepidotus 
Argentina silus Sardinella aurita 
Ariomma bondi Scomber japonicus 
Decapterus macarellus Scomberesox saurus 
Decapterus punctatus Scomberomorus cavalla 
Etrumeus teres Scomberomorus maculatus 
Menidia menidia Selar crumenophthalmus 
Mugil cephalus Selene setapinnis 
Mugil curema Trachurus lathami 
Nodes 26 to 28. Bluefish S, M and L 
To account for age-related dietary shifts, bluefish (Pomatomus saltatrix) were divided in 
three age/size classes (S = age 0, < 30 cm; M = age 1-3, 30 - 60 cm; L = age 4+, > 60 cm) 
according to methodology in Buchheister et al. (Buchheister et al. 2017b). We treated each age 
class as a different functional group. Biomasses obtained from NEFSC stock assessments 
(SEDAR 2015) for the small, medium and large bluefish groups were 0.04, 0.05 and 0.19 
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mt.km-2, respectively, for year block 2000.  
Since P/B ratios are given at the population level, we calculated P/B for each age class 
using Gascuel et al. (Gascuel et al. 2008). For small, medium and large groups, P/B ratios were 
0.51, 0.51 and 0.49 yr-1 respectively (Table B.5).  
The Q/B ratios were set as 18.11 yr-1 for the small bluefish functional group 
(Christensen et al. 2009). For medium (3.52 yr-1) and large (1.93 yr-1) groups, Q/B ratios were 
obtained from multistanza calculations based on Christensen et al. (Christensen et al. 2009). 
Diets followed Buchheister et al.(Buchheister et al. 2017b). 
Nodes 29 to 31. Striped bass S, M and L 
Striped bass (Morone saxatilis) was divided in three age/size classes (S = age 0-1, ≤ 25 
cm; M = age 2-6, 26 - 70 cm; L = age 7+, > 70 cm) to account for ontogenetic shifts using 
Buchheister et al. (Buchheister et al. 2017b) methodology. We treated each age class as a 
functional group, and obtained its biomass from stock assessments (SEDAR 2015). Biomass for 
small, medium and large striped bass groups were 0.06, 0.36 and 0.28 mt.km-2, respectively 
(NEFSC 2013b). 
Using Gascuel et al. (Gascuel et al. 2008), P/B ratios for each age class were calculated: 
the small, medium and large groups were 0.25, 0.24 and 0.24 yr-1, respectively (Table B.5). The 
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Q/B ratio was set at 23.27 yr-1 for the small striped bass functional group (Christensen et al. 
2009). For medium (6.34 yr-1) and large (3.19 yr-1) groups, we obtained Q/B ratios using 
multistanza calculations based on Christensen et al. (Christensen et al. 2009). Diets followed 
methods in Buchheister et al.(Buchheister et al. 2017b). 
Nodes 32 to 34. Weakfish S, M and L 
Weakfish (Cynoscion regalis) were divided in three age/size classes (S = age 0, ≤ 20 cm; 
M = age 1-2, 21 - 40 cm; and L = age 3+, > 40 cm), which we treated as functional groups based 
on diet changes using methodology in Buchheister et al. (Buchheister et al. 2017b). Biomasses 
came from NEFSC surveys. For small, medium and large striped bass groups, they were 0.15, 
0.30 and 0.036 mt.km-2, respectively. 
P/B ratios calculated for the small, medium and large age class groups using Gascuel et 
al. (Gascuel et al. 2008) were 0.44, 0.43 and 0.42 yr-1, respectively (Table B.5).  The Q/B ratio 
was set as 13.52 yr-1 for the small weakfish functional group (Christensen et al. 2009). 
Multistanza calculations based on Christensen et al. (Christensen et al. 2009) yielded Q/B ratios 
for the medium (4.21 yr-1) and large (2.44 yr-1). Diets followed Buchheister et al.(Buchheister et 
al. 2017b). 
Nodes 35 to 36. Dogfish S and L 
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Spiny dogfish (Squalus acanthias) were separated in two age/size groups (S = age 0-5, < 
60 cm; and L = age 6+, > 60 cm) based on methods in Buchheister et al. (Buchheister et al. 
2017b) that consider changes in diet. We analyzed these age/size classes as functional groups. 
Biomasses obtained from NEFSC survey were 1.0 and 13.28 mt.km-2, respectively. However, 
employing the 41 % catchability correction in Sagarese et al. (Sagarese et al. 2016) resulted in 
values of 0.41 and 5.44 mt.km-2. Biomasses changed further during balancing, yielding final 
estimates of 0.47 and 2.7 mt.km-2 for small and large spiny dogfish, respectively.  
Calculated using Gascuel et al. (Gascuel et al. 2008), the P/B ratio for both functional 
groups was 2.4 yr-1 (Table B.5). The Q/B ratios were set at 1.47 yr-1 for the small dogfish 
functional group, and 0.60 yr-1 for the large dogfish functional group. Initial Q/B inputs based 
on Christensen et al. (Christensen et al. 2009) and Araujo and Bundy (Araújo & Bundy 2011) 
changed during balancing. Diets followed Buchheister et al.(Buchheister et al. 2017b). 
Nodes 37 to 39. Atlantic cod S, M and L 
We divided the Atlantic cod (Gadus morhua) functional group into three age/size 
categories to account for ontogenetic shifts (S = age 0-1, ≤ 20 cm; M = age 2 – 3, 21 – 50 cm; 
and L = age 4+, > 50 cm) based on Buchheister et al. (Buchheister et al. 2017b), and treated 
these categories as functional groups in our models. Initial biomasses (0.01, 0.08, and 0.08 
mt.km-2) were obtained from the Gulf of Maine and Georges Bank stock assessment reports 
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(NEFSC 2013a). For the small cod group, the initial estimate changed to a final biomass of 0.02 
mt.km-2.  
The P/B ratios were calculated for each age/size class using Gascuel et al. (Gascuel et al. 
2008). Results for small, medium and large groups were 0.47, 0.45, and 0.43 yr-1, respectively 
(Table B.5). For large cod, the Q/B ratio was set to 2.2 yr-1 based on Georges Bank estimate 
found in Pauly (Pauly 1989). For medium (3.4 yr-1) and small (6.9 yr-1) groups, Q/B ratios were 
obtained via multistanza calculations. Diets followed the approach in Buchheister et 
al.(Buchheister et al. 2017b). 
Node 40. Haddock 
The recognized importance of commercial fisheries for haddock (Melanogrammus 
aeglefinus) stocks in Gulf of Maine (NEFSC 2014b) and Georges Bank(NEFSC 2012b) 
motivated us to treat the species as one group. Biomass was set at 0.60 mt.km-2, calculated by 
summing NEFSC survey estimates for the two stocks, and dividing by the combined area, and 
accounting for corrected catchability.  
The P/B ratio was 0.45 yr-1 using balanced EMAX model output according to the 
method described in Node 2. We applied a Q/B ratio of 3 yr-1, estimate for Georges Bank (Pauly 
1989). Diets were computed from NEFSC food habits data. 
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Node 41. Hakes 
The hake functional group includes species from the genera Merluccius (M. albidus and 
M. bilinearis) and Urophycis (U. chuss, U. regia, U. tenuis). Biomass was estimated to be 0.827 
mt.km-2 based on NEFSC trawl surveys. The P/Q ratio of 1.11 yr-1 (Buchheister et al. 2017b) 
came from total mortality estimates for M. bilinearis, and the Q/B ratio was 3.85 yr-1 (Pauly 
1989). Diets were computed from NEFSC food habits data. 
Node 42. Atlantic croaker 
Atlantic croaker (Micropogonias undulatus) biomass was estimated at 0.81 mt.km-2 
from the stock assessment (ASMFC 2010). We used the EMAX models’ demersal benthivore 
P/B (0.45 yr-1) and Q/B (0.90 yr-1) ratios (Link et al. 2006). Diet data averaged NEMAP and 
NEFSC food habits data. 
Nodes 43 to 44. Yellowtail flounder S and L 
Yellowtail flounder (Limanda ferruginea) were divided into two age/size groups (S = 
age 0, ≤ 20cm; and L= age1+ , > 20 cm). The biomass estimate of 0.043 mt.km-2 for the small 
functional group was calculated using the EwE multistanza group approach, while the 0.11 
mt.km-2 biomass estimate for the large functional group was based on NEFSC surveys. 
We calculated P/B ratios for each age class using Gascuel et al. (Gascuel et al. 2008), 
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with ratios for small and large groups of 1.07 and 1.09 yr-1, respectively (Table B.5). The Q/B 
ratios were set at 4.4 yr-1 for the small age group, and 2.9 yr-1 for the large age group, using the 
multistanza approach in Christensen et al. (Christensen et al. 2009) for summer flounder. Diets 
followed Buchheister et al.(Buchheister et al. 2017b), informed by the NEFSC survey food 
habits program. 
Nodes 45 to 46. Summer flounder S and L 
Summer flounder (Paralichthys dentatus) were divided into two age/size groups (S = 
age 0, ≤ 25cm; and L= age1+ , > 25 cm). Biomasses estimates of 0.029 mt.km-2 for the small 
functional group, and 0.17 mt.km-2 for the large functional group, were based on the stock 
assessment (NEFSC 2013b). 
The P/B ratios for each age class, using Gascuel et al. (Gascuel et al. 2008), were 0.56 
and 0.53 yr-1 for small and large groups, respectively (Table B.5). Q/B ratios were set to 4.4 yr-1 
for the small age group and 2.9 yr-1 for the large, using Christensen et al. (Christensen et al. 
2009) and a multistanza approach. Diets followed Buchheister et al.(Buchheister et al. 2017b), 
informed by the NEFSC and NEAMAP food habits programs. 
Nodes 47. Skates 
The skates functional group includes the following species Amblyraja radiata, Dipturus 
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laevis, Leucoraja erinacea, L. garmani, L. oceallata, and Raja eglanteria. A biomass of 1.65 
mt.km-2, derived from NEFSC surveys, was corrected for catchability. The P/B ratio of 0.45 yr-1 
was estimated using the weighted average of the EMAX model estimates. The Q/B ratio, 2.4 yr -
1, was within the range of the EMAX models’ demersal functional group (Link et al. 2006). 
Node 48. Demersal benthivores 
Remaining demersal species were grouped according to feeding niche: benthivores, 
piscivores and omnivores. The list of demersal species appears in Table B.7. The initial biomass 
input was based on NEFSC surveys (1.74 mt.km-2), however changes during the balancing 
process resulted in a final biomass of 2.05 mt.km-2. The P/B (0.45 yr-1) and Q/B (0.90 yr-1) 
ratios were generated from the EMAX models’ balanced outputs using the methodology 
described in Node 2. Diets were calculated from NEFSC and NEAMAP food habits data. 
Table B.7: List of species included in the demersal benthivore functional group. 
Demersal benthivores 
Acipenser oxyrinchus Enchelyopus cimbrius Lycenchelys verrillii Pogonias cromis 
Alectis ciliaris Epigonus pandionis Lycodes reticulatus Polymetme thaeocoryla 
Anarhichas lupus Etmopterus princeps Macrorhamphosus scolopax Polymixia lowei 
Ancylopsetta ommata Etropus crossotus Macrourus berglax Polymixia nobilis 
Antigonia capros Etropus microstomus Macrozoarces americanus Pontinus longispinis 
Antimora rostrata Eucinostomus argenteus 
Malacocephalus 
occidentalis 
Porichthys plectrodon 
Archosargus 
probatocephalus 
Eumicrotremus spinosus Malacoraja senta Prionotus carolinus 
Artediellus sp. Gaidropsarus ensis Menticirrhus saxatilis Prionotus evolans 
Aspidophoroides 
monopterygius 
Gephyroberyx darwini Monolene sessilicauda Prionotus paralatus 
Astroscopus guttatus Glyptocephalus cynoglossus Morone americana 
Pseudopleuronectes 
americanus 
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Bagre marinus Gobiosoma bosc Mullus auratus Rhinoptera bonasus 
Bairdiella chrysoura Gonostoma atlanticum Mustelus canis Saurida brasiliensis 
Balistes capriscus Gonostoma bathyphilum Myliobatis freminvillei Scophthalmus aquosus 
Bothus ocellatus Gonostoma elongatum Myoxocephalus aenaeus Sebastes fasciatus 
Brosme brosme Gymnachirus melas 
Myoxocephalus 
octodecemspinosus 
Selene vomer 
Caranx hippos Helicolenus dactylopterus Myoxocephalus scorpius Sphoeroides maculatus 
Careproctus ranula Helicolenus maderensis Nesiarchus nasutus Stenotomus chrysops 
Chauliodus danae Hemitripterus americanus Nezumia bairdi Synagrops bellus 
Chilomycterus schoepfii Hippoglossina oblonga Ogcocephalus corniger Synagrops spinosus 
Chlorophthalmus agassizi 
Hippoglossoides 
platessoides 
Ophidion grayi Tautoga onitis 
Chlorophthalmus sp. Hoplostethus occidentalis Ophidion marginatum Tautogolabrus adspersus 
Chloroscombrus chrysurus Howella sherborni Ophidion welshi Torpedo nobiliana 
Citharichthys arctifrons Lagodon rhomboides Opsanus pardus Trachinotus carolinus 
Coelorhynchus carminatus Larimus fasciatus Opsanus tau Trachinotus falcatus 
Cryptacanthodes maculatus Leiostomus xanthurus Orthopristis chrysoptera Triglops murrayi 
Dasyatis americana Lepophidium profundorum Otophidium omostigmum Trinectes maculatus 
Dasyatis centroura Liparis inquilinus Paralichthys oblongus Ulvaria subbifurcata 
Dasyatis sabina 
Lopholatilus 
chamaeleonticeps 
Parasudis truculenta Vinciguerria sp. 
Dasyatis say Lumpenus lumpretaeformis Peristedion miniatum Xenodermichthys copei 
Dibranchus atlanticus Lumpenus maculatus Poecilopsetta beani Zoarces americanus 
Node 49. Demersal piscivores 
Demersal piscivore biomass input was based on NEFSC surveys (0.54 mt.km-2). The 
P/B (0.5 yr-1) and Q/B (1.2 yr-1) ratios came from the balanced outputs of EMAX models using 
methods described in Node 2. Diets were calculated from NEFSC and NEAMAP food habits 
data. A list of demersal piscivores can be found in Table B.8. 
Table B.8: List of species included in the demersal piscivore functional group.  
Demersal piscivores 
Centroscyllium fabricii Lutjanus apodus Pollachius virens 
Conger oceanicus Lutjanus buccanella Reinhardtius hippoglossoides 
Gymnura altavela Lutjanus campechanus Scyliorhinus retifer 
Gymnura micrura Lutjanus griseus Squatina dumeril 
Hippoglossus hippoglossus Lutjanus jocu Synodus foetens 
Lophius americanus Lutjanus vivanus Trichiurus lepturus 
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Lutjanus analis Myxine glutinosa Urophycis chesteri 
Node 50. Demersal omnivores 
The biomass of demersal omnivores was based on NEFSC surveys (0.018 mt.km-2). 
However initial biomass for the node increased during the balancing process––the NEFSC 
survey estimate is an order of magnitude lower than the landings for some species in the 
functional group (Buchheister et al. 2017b). The P/B (0.45 yr-1) and Q/B (0.81 yr-1) ratios were 
generated from the EMAX models’ balanced outputs, with the methodology described in Node 
2. Diets were calculated from NEFSC and NEAMAP food habits data. A list of species of 
demersal piscivores can be found in Table B.9. 
Table B.9: List of species included in the demersal omnivore functional group. 
Demersal omnivores 
Abudefduf saxatilis Diplectrum formosum Opistognathus lonchurus 
Acanthurus bahianus Diplodus argenteus Opistognathus maxillosus 
Acanthurus chirurgus Diplodus holbrooki Pagrus sedecim 
Acanthurus coeruleus Dipturus olseni Parablennius marmoreus 
Aluterus heudelotii Dormitator maculatus Parahollardia lineata 
Aluterus monoceros Echeneis naucrates Paralichthys albigutta 
Aluterus schoepfi Echiophis punctifer Paralichthys lethostigma 
Aluterus scriptus Engyophrys senta Paralichthys sp. 
Anchoa lyolepis Epinephelus adscensionis Paralichthys squamilentus 
Ancylopsetta dilecta Epinephelus drummondhayi Paranthias furcifer 
Ancylopsetta quadrocellata Epinephelus flavolimbatus Peristedion gracile 
Anguilla rostrata Epinephelus guttatus Pholis fasciata 
Anisotremus virginicus Epinephelus inermis Pleuronectidae 
Apogon aurolineatus Epinephelus morio Pleuronectiformes 
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Apogon maculatus Epinephelus mystacinus Polydactylus octonemus 
Apogon pseudomaculatus Epinephelus nigritus Pomacanthus arcuatus 
Argentina striata Epinephelus niveatus Pomacentrus leucostictus 
Ariomma melanum Epinephelus striatus Pomacentrus variabilis 
Ariomma regulus Equetus acuminatus Pontinus rathbuni 
Astroscopus y-graecum Equetus lanceolatus Priacanthus arenatus 
Balistes vetula Equetus punctatus Priacanthus cruentatus 
Bathygobius soporator Equetus umbrosus Prionotus alatus 
Bathyraja spinicauda Etheostoma nigrum Prionotus longispinosus 
Bellator brachychir Etmopterus gracilispinis Prionotus ophryas 
Bellator egretta Etmopterus hillianus Prionotus roseus 
Bellator militaris Etropus rimosus Prionotus rubio 
Bembrops gobioides Eucinostomus gula Prionotus scitulus 
Bodianus pulchellus Fistularia tabacaria Prionotus stearnsi 
Bothus lunatus Foetorepus agassizi Prionotus tribulus 
Bothus robinsi Gastropsetta frontalis Pristigenys alta 
Brama brama Gempylus serpens Pristipomoides aquilonaris 
Breviraja plutonia Gobiesox strumosus Pseudupeneus maculatus 
Calamus bajonado Gymnothorax saxicola Raja ackleyi 
Calamus calamus Haemulidae Raja texana 
Calamus leucosteus Haemulon aurolineatum Rhomboplites aurorubens 
Calamus nodosus Haemulon carbonarium Ruvettus pretiosus 
Calamus penna Haemulon plumieri Rypticus bistrispinus 
Calamus proridens Haemulon striatum Rypticus subbifrenatus 
Canthidermis sufflamen Halichoeres bathyphilus Scarus coeruleus 
Canthigaster rostrata Halichoeres bivittatus Schultzea beta 
Caranx crysos Halichoeres caudalis Sciaenops ocellatus 
Carcharhinus altimus Halichoeres poeyi Scorpaena agassizi 
Carcharhinus isodon Halichoeres radiatus Scorpaena brasiliensis 
Carcharhinus longimanus Harengula jaguana Scorpaena calcarata 
Carcharhinus perezii Hemanthias aureorubens Scorpaena dispar 
Carcharhinus porosus Hemanthias vivanus Scorpaena grandicornis 
Carcharhinus signatus Hemipteronotus novacula Scorpaena plumieri 
Caulolatilus chrysops Hippocampus erectus Seriola fasciata 
Caulolatilus cyanops Holacanthus bermudensis Seriola zonata 
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Caulolatilus intermedius Holacanthus ciliaris Serraniculus pumilio 
Caulolatilus microps Holacanthus tricolor Serranus annularis 
Centropristis ocyurus Holanthias martinicensis Serranus atrobranchus 
Centropristis philadelphica Hyperoglyphe perciformis Serranus baldwini 
Centropristis striata Hypleurochilus geminatus Serranus notospilus 
Centroscymnus coelolepis Hypsoblennius hentz Serranus phoebe 
Chaetodipterus faber Hypsoblennius ionthas Serranus subligarius 
Chaetodon aculeatus Kathetostoma albigutta Sparisoma radians 
Chaetodon aya Kyphosus sectatrix Sphoeroides dorsalis 
Chaetodon capistratus Lachnolaimus maximus Sphoeroides nephelus 
Chaetodon ocellatus Lactophrys bicaudalis Sphoeroides pachygaster 
Chaetodon sedentarius Lactophrys polygonia Sphoeroides spengleri 
Chaetodon striatus Lactophrys quadricornis Sphoeroides testudineus 
Chaetodontidae Lactophrys trigonus Sphyraena barracuda 
Chascanopsetta lugubris Lactophrys triqueter Sphyraena borealis 
Chasmodes bosquianus Laemonema barbatulum Sphyraena guachancho 
Chaunax stigmaeus Lepidocybium flavobrunneum Sphyrna media 
Chilomycterus antillarum Lobotes surinamensis Stellifer lanceolatus 
Chilomycterus atinga Lutjanus synagris Stenotomus caprinus 
Chromis enchrysurus Macroramphosus scolopax Syacium gunteri 
Chromis insolata Malacanthus plumieri Syacium micrurum 
Citharichthys arenaceus Menticirrhus americanus Syacium papillosum 
Citharichthys cornutus Menticirrhus littoralis Symphurus civitatus 
Citharichthys gymnorhinus Monacanthus ciliatus Symphurus diomedianus 
Citharichthys macrops Mugil gyrans Symphurus marginatus 
Citharichthys sp. Mugil liza Symphurus minor 
Citharichthys spilopterus Mustelus norrisi Symphurus plagiusa 
Clepticus parrae Mycteroperca bonaci Symphurus pusillus 
Cookeolus japonicus Mycteroperca interstitialis Symphurus urospilus 
Cryptotomus roseus Mycteroperca microlepis Syngnathus fuscus 
Cubiceps pauciradiatus Mycteroperca phenax Trachyscorpia cristulata 
Cyclopsetta fimbriata Mycteroperca venenosa Triakis semifasciata 
Cynoscion arenarius Myliobatis goodei Upeneus parvus 
Cynoscion nebulosus Myoxocephalus quadricornis Uranoscopidae 
Cynoscion nothus Narcine brasiliensis Uraspis secunda 
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Dactylopterus volitans Neomerinthe hemingwayi Urolophus jamaicensis 
Dasyatis violacea Nicholsina usta Xenocephalus egregius 
Decodon puellaris Ocyurus chrysurus Xenolepidichthys dalgleishi 
Diodon holocanthus Ogcocephalus radiatus 
 
Diodon hystrix Ophidion beani 
 
Diplectrum bivittatum Ophidion selenops  
Node 51. Medium pelagic 
The medium pelagic functional group includes Atlantic bonito (Sarda sarda), cero 
(Scomberomous regalis), and cobia (Rachycentron canadum). Biomass for the group was 0.12 
mt.km-2, based on NEFSC surveys. The P/B (0.45 yr-1) and Q/B (1.83 yr-1) ratios were generated 
from the EMAX models’ balanced outputs with methods described in Node 2. Diets were 
calculated from NEFSC and NEAMAP food habits data. 
Node 52. Coastal sharks 
The coastal sharks group includes Atlantic sharpnose sharks (Rhizoprionodon terraenovae), 
sand tiger sharks (Carcharias taurus), dusky sharks (Carcharhinus obscurus), sandbar sharks 
(C. plumbeus), and spinner sharks (C. brevipinna). Based on outputs from the EMAX models, 
biomass for this group was 0.01 mt.km-2 (Link et al. 2008), and we used a Q/B ratio of 1.24 yr-1 
based on EMAX estimates (Link et al. 2006). However, the initial P/B input (0.1 yr-1), also 
based on the EMAX models, doubled during balancing to 0.2 yr-1. Diets derived from the 
EMAX models accounted for the increased resolution of functional groups. 
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Node 53. Pelagic sharks 
The pelagic shark node includes blue sharks (Prionace glauca), great white sharks 
(Carcharodon carcharias), hammerheads (Sphyrna spp.), makos (Isurus spp.), porbeagles 
(Lamna lewini), and thresher sharks (Alopias vulpinus). The biomass (0.01 mt.km-2), P/B (0.13 
yr-1), and Q/B (yr-1) ratios where obtained from weighted averages of EMAX estimates (Link et 
al. 2006). Diets derived from EMAX models accounted for increased resolution of the 
functional groups. 
Node 54. Large pelagics (HMS) 
The large pelagics group represents highly migratory species (HMS) such as tunas (Thunnus 
sp.), billfish (members from Istiophoridae family), and swordfish (Xiphias gladius). Our 
parameters were based on the EMAX models’ highly migratory species node and modified to 
exclude coastal and pelagic sharks (Nodes 52 and 53, respectively, in this study). Final biomass 
output was 0.07 mt.km-2, P/B was 0.57 yr-1, and Q/B 6.79 yr-1(Link et al. 2006). Diets were also 
based on EMAX models, accounting for  the higher resolution of the functional groups (Link et 
al. 2006). 
Node 55. Pinnipeds 
 161 
 
The node representing seals includes harbor seals (Phoca vitulina), gray seals (Halichoerus 
grypus), harp seals (Pagophilus groenlandicus), and hooded seals (Cystophora cristata). The 
Input parameters were extracted from the EMAX models following methods described for Node 
2. Biomass was 0.03 mt.km-2, P/B was 0.07 yr-1, and Q/B 5.5 yr-1 (Link et al. 2006). Diets based 
on the EMAX models accounted for the higher resolution of functional groups (Link et al. 
2006). 
Node 56. Baleen whales 
Fin whales (Balaenoptera physalus), sei whales (B. borealis), minke whales (B. acutorostrata), 
humpback whales (Megaptera novaeangliae), and right whales (Eubalaena glacialis) form this 
functional group. Input parameter extracted from the EMAX models follow methods described 
in Node 2. Biomass was 0.46 mt.km-2, P/B was 0.04 yr-1, and Q/B 3.21 yr-1 (Link et al. 2006). 
Diets also based on the EMAX models account for higher resolution in functional groups. (Link 
et al. 2006). 
Node 57. Odontocetes 
This functional group includes beaked whales (Mesoplodon spp.), bottlenose dolphins (Tursiops 
truncatus), common dolphins (Delphinus delphis), dwarf sperm whales (Kogia spp.), harbor 
porpoises (Phocena phocena), pilot whales (Globicephala spp.), Risso’s dolphins (Grampus 
griseus), sperm whales (Physeter macrocephalus), spotted dolphins (Stenella coeruleoalba), and 
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white-sided dolphins (Lagenorhynchus acutus). Parameters were extracted from the EMAX 
models following the methodology described in Node 2. Biomass was 0.06 mt.km-2, P/B was 
0.04 yr-1, and Q/B 14.3 yr-1 (Link et al. 2006). Diets based on EMAX models accounted for 
higher resolution in the functional groups (Link et al. 2006). 
Node 58. Seabirds 
Seabirds included black-legged kittiwakes (Rissa triactyla), Cory’s shearwaters (Calonectris 
diomedae), great black-backed gulls (Larus marinus), greater shearwaters (Puffinus gravis), 
herring gulls (Larus argentatus), laughing gulls (Larus philadelphia), northern fulmars 
(Fulmarus glacialis), and northern gannets (Sula bassanus). Parameters extracted from EMAX 
models follow the methodology described in Node 2. Biomass was 0.007 mt.km-2, P/B was 0.27 
yr-1, and Q/B 9.31 yr-1 (Link et al. 2006). Diets based on EMAX models accounting for the 
higher resolution of functional groups (Link et al. 2006). 
Node 59. Detritus 
Detritus accounts for both dissolved and particulate organic carbon (DOC and POC). The 
parameters for this node were based on the weighted averages of EMAX model estimates. In 
Ecopath with Ecosim, biomass is the only input estimate for the detritus group, which was 52.6 
mt.km-2. The Tables B.10 and B.11 shows the data inputs for calculation of alewife historical 
biomass data. 
 163 
 
Table B.10: Alewife abundance time series for New England watersheds based on spawning 
habitat availability.  
Year 
Total New 
England 
spawning habitat 
(km2) 
N(YOY) N+2 N+3 N+ 3.583 
1600 1282 2836835448 395180952 177566248 111379553 
1610 1282 2836835448 395180952 177566248 111379553 
1620 1282 2836835448 395180952 177566248 111379553 
1630 1282 2836835448 395180952 177566248 111379553 
1640 1233 2729260334 380195368 170832791 107155950 
1650 1224 2708232277 377266087 169516580 106330348 
1660 1211 2679457041 373257597 167715449 105200578 
1670 1189 2631424531 366566503 164708947 103314730 
1680 1172 2593795376 361324632 162353623 101837338 
1690 1162 2570996534 358148675 160926573 100942212 
1700 1143 2529825812 352413451 158349571 99325771 
1710 1116 2470725903 344180631 154650326 97005396 
1720 1072 2372626696 330515073 148509995 93153835 
1730 1067 2362666037 329127519 147886527 92762760 
1740 1032 2283866159 318150424 142954201 89668927 
1750 1021 2259517882 314758626 141430167 88712968 
1760 928 2054923074 286257864 128623949 80680187 
1770 844 1867300344 260121371 116880066 73313762 
1780 818 1810613128 252224647 113331839 71088114 
1790 815 1803707071 251262609 112899568 70816969 
1800 706 1563699465 217828723 97876754 61393814 
1810 567 1254551607 174763361 78526240 49256081 
1820 468 1034863745 144160085 64775302 40630718 
1830 313 692283489 96437475 43332151 27180366 
1840 162 357494682 49800241 22376691 14035921 
1850 152 335359885 46716787 20991206 13166867 
1860 151 334031797 46531780 20908077 13114723 
1870 136 301692859 42026855 18883883 11845035 
1880 118 261850224 36476638 16390010 10280738 
1890 117 258308656 35983286 16168333 10141689 
1900 116 257201916 35829113 16099058 10098236 
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Table B.11: Alewife biomass time series for New England watersheds based on 
spawning habitat availability.  
Year 
Total New 
England 
spawning habitat 
(km2) 
N(YOY) 
W=4.809 
N+2  
W=166.66 
N+3 
W=199.99 
N+ 3.583 
W=204 
1600 1282 13644.9 65863.3 35512.4 22721.4 
1610 1282 13644.9 65863.3 35512.4 22721.4 
1620 1282 13644.9 65863.3 35512.4 22721.4 
1630 1282 13644.9 65863.3 35512.4 22721.4 
1640 1233 13127.5 63365.7 34165.8 21859.8 
1650 1224 13026.4 62877.5 33902.5 21691.4 
1660 1211 12888.0 62209.4 33542.3 21460.9 
1670 1189 12656.9 61094.2 32941.0 21076.2 
1680 1172 12475.9 60220.6 32470.0 20774.8 
1690 1162 12366.3 59691.2 32184.6 20592.2 
1700 1143 12168.3 58735.4 31669.2 20262.5 
1710 1116 11884.0 57363.2 30929.4 19789.1 
1720 1072 11412.1 55085.7 29701.3 19003.4 
1730 1067 11364.2 54854.4 29576.6 18923.6 
1740 1032 10985.2 53024.9 28590.2 18292.5 
1750 1021 10868.1 52459.6 28285.4 18097.4 
1760 928 9884.0 47709.5 25724.2 16458.8 
1770 844 8981.6 43353.4 23375.5 14956.0 
1780 818 8708.9 42037.3 22665.8 14502.0 
1790 815 8675.7 41877.0 22579.4 14446.7 
1800 706 7521.3 36304.7 19574.9 12524.3 
1810 567 6034.3 29127.1 15704.9 10048.2 
1820 468 4977.6 24026.6 12954.8 8288.7 
1830 313 3329.8 16072.9 8666.2 5544.8 
1840 162 1719.5 8300.0 4475.2 2863.3 
1850 152 1613.1 7786.1 4198.1 2686.0 
1860 151 1606.7 7755.3 4181.5 2675.4 
1870 136 1451.1 7004.5 3776.7 2416.4 
1880 118 1259.5 6079.4 3277.9 2097.3 
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1890 117 1242.4 5997.2 3233.6 2068.9 
1900 116 1237.1 5971.5 3219.7 2060.0 
*Biomass was the product of abundance (N) and average weight at age (W). We assumed weight as being constant 
throughout the time series. 
 
Tables B.12 and B.13 show the output values of trophic level decomposition for each 
model. Used to generate Table 4.4 (The difference in trophic level decomposition (sensu 
Lindeman) between the CAB and RAB models). 
 
Table B.12: Trophic level decomposition contemporary alosine biomass (CAB) model in absolute 
values (t/km2/year).  
Node 
CAB 
Group  
name/ 
Trophic  
level 
I II III IV V VI VII VIII IX X XI 
1 Phytoplankton 3637 0 0 0 0 0 0 0 0 0 0 
2 Bacteria 0 698.4 0 0 0 0 0 0 0 0 0 
3 Micro-
zooplankton 
0 599 167.3 0 0 0 0 0 0 0 0 
4 Copepods S 0 913.1 66.07 18.46 0 0 0 0 0 0 0 
5 Copepods L 0 699.5 121.3 12.93 2.047 0 0 0 0 0 0 
6 Gelatinous 
Zooplankton 
0 35.32 98.81 11.17 1.816 0.102 0 0 0 0 0 
7 Micronekton 0 251.4 349.1 46.54 6.694 0.616 0 0 0 0 0 
8 Macrobenthos 
polychaete 
0 188 55.91 11.21 1.575 0.231 0.0233 0.000274 0 0 0 
9 Macrobenthos 
crustaceans 
0 65.71 45.41 10.66 1.743 0.253 0.0313 0.00247 0 0 0 
10 Macrobenthos 
mollusks 
0 87.41 25.8 2.67 0.389 0.0579 0.0062 0.000119 0 0 0 
11 Macrobenthos 
others 
0 88.39 43.78 9.041 1.455 0.216 0.026 0.00179 0 0 0 
12 Megabenthos 
filters 
0 44.14 5.345 0 0 0 0 0 0 0 0 
13 Megabenthos 
others 
0 11.06 24.23 6.244 1.142 0.178 0.0261 0.00303 0.000093 0 0 
14 Shrimp 0 3.456 5.124 1.031 0.161 0.0243 0.00282 0.000184 0 0 0 
15 Mesopelagic 0 0.0006 0.22 0.0468 0.0072 0.0009 0.00007 0.000007 0 0 0 
16 Atlantic 
herring 
0 0 16.97 9.5 1.713 0.237 0.0231 0.00103 0 0 0 
17 Alosines 0 0 0.485 0.188 0.036 0.0046 0.0006 0.000051 0.000004 0 0 
18 Atlantic 
menhaden S 
0 14.53 8.903 1.51 0.119 0.0086 0 0 0 0 0 
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19 Atlantic 
menhaden M 
0 9.279 9.2 1.56 0.123 0.0089 0 0 0 0 0 
20 Atlantic 
menhaden L 
0 0.726 1.191 0.202 0.016 0.001 0 0 0 0 0 
21 Anchovies 0 0.397 9.68 13.18 1.759 0.253 0.0233 0 0 0 0 
22 Mackerel 0 0 0.686 0.511 0.282 0.0451 0.0063 0.000643 0.000024 0 0 
23 Squid 0 0 1.349 1.166 0.293 0.0536 0.0083 0.00104 0.000106 0.000004 0 
24 Butterfish 0 0.19 0.599 0.838 0.126 0.0207 0.0021 0.000176 0.000015 0 0 
25 Small 
pelagics 
0 0.0035 0.824 0.265 0.0591 0.0074 0.0008 0.000073 0.000002 0 0 
26 Bluefish S 0 0 0.146 0.308 0.306 0.0474 0.0071 0.000784 0.000042 0.000003 0 
27 Bluefish M 0 0 0.0245 0.0909 0.0773 0.0132 0.0020 0.00023 0.000016 0.000001 0 
28 Bluefish L 0 0 0.0109 0.172 0.15 0.0331 0.0056 0.000743 0.000074 0.000006 0 
29 Striped bass S 0 0 0.541 0.58 0.358 0.0527 0.0077 0.000814 0.000036 0 0 
30 Striped bass 
M 
0 0 0.748 0.897 0.556 0.099 0.0158 0.00197 0.000172 0.000015 0 
31 Striped bass L 0 0 0.197 0.398 0.27 0.0467 0.0071 0.000849 0.000065 0.000004 0 
32 Weakfish S 0 0 0.561 0.949 0.507 0.0694 0.0094 0.000806 0.000004 0 0 
33 Weakfish M 0 0 0.239 0.552 0.417 0.0603 0.0086 0.000832 0.000023 0 0 
34 Weakfish L 0 0 0.0144 0.0372 0.0302 0.00552 0.0008 0.000094 0.000005 0 0 
35 Dogfish S 0 0 0.181 0.36 0.121 0.0274 0.0042 0.000549 0.000058 0.000005 0 
36 Dogfish L 0 0 0.439 0.756 0.35 0.0761 0.0122 0.00156 0.000154 0.000012 0 
37 Atlantic cod S 0 0 0.0932 0.0726 0.015 0.00243 0.0003 0.000038 0.000003 0 0 
38 Atlantic cod 
M 
0 0 0.103 0.128 0.0499 0.0095 0.0015 0.000188 0.000017 0.000001 0 
39 Atlantic cod L 0 0 0.0385 0.0943 0.046 0.00994 0.0016 0.000208 0.00002 0.000002 0 
40 Haddock 0 0 0.882 0.702 0.185 0.0344 0.0049 0.000574 0.000046 0 0 
41 Hake 0 0 1.144 1.679 0.297 0.0566 0.0072 0.000646 0.000065 0 0 
42 Croaker 0 0 0.42 0.232 0.07 0.0135 0.0023 0.000307 0.000032 0.000001 0 
43 Yellowtail 
flounder S 
0 0 0.103 0.0721 0.0153 0.00248 0.0003 0.000041 0.000003 0 0 
44 Yellowtail 
flounder L 
0 0 0.2 0.0975 0.0213 0.0034 0.0004 0.000055 0.000004 0 0 
45 Summer 
flounder S 
0 0 0.0267 0.0605 0.0363 0.00714 0.0012 0.00016 0.000016 0.000001 0 
46 Summer 
flounder L 
0 0 0.0365 0.237 0.185 0.0423 0.00707 0.000963 0.000102 0.000009 0 
47 Skate 0 0 1.678 1.587 0.569 0.116 0.0187 0.00254 0.000267 0.000017 0 
48 Demersal 
benthivores 
0 0 1.005 0.64 0.18 0.0289 0.0043 0.000518 0.000041 0 0 
49 Demersal 
piscivores 
0 0 0.166 0.322 0.138 0.0311 0.0052 0.000741 0.000084 0.000007 0 
50 Demersal 
omnivores 
0 0 0.395 0.596 0.185 0.0382 0.0060 0.000874 0.000098 0.000006 0 
51 Medium 
pelagic 
0 0 0.0156 0.103 0.0823 0.0175 0.0031 0.000419 0.000045 0.000004 0 
52 Coastal sharks 0 0 0.00224 0.0099 0.00751 0.00217 0.0004 0.000062 0.000007 0.000001 0 
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53 Pelagic sharks 0 0.0006 0.0007 0.0039 0.0039 0.0014 0.0002 0.000041 0.000005 0 0 
54 Large 
pelagics 
(HMS) 
0 0 0.0713 0.23 0.147 0.024 0.0034 0.000362 0.000019 0.000001 0 
55 Pinnipeds 0 0 0.0193 0.0888 0.0651 0.016 0.0028 0.00039 0.000044 0.000004 0 
56 Baleen whales 0 0.0192 0.923 0.445 0.087 0.0165 0.0019 0.000194 0.000017 0 0 
57 Odontocetes 0 0 0.0815 0.398 0.297 0.0679 0.012 0.00167 0.000188 0.000019 0 
58 Seabirds 0 0 0.0119 0.0309 0.018 0.00379 0.0006 0.000077 0.000007 0.000001 0 
59 Detritus 3079 0 0 0 0 0 0 0 0 0 0 
 
Total 6717 3710 1069 171.8 27.4 3.394 0.347 0.0312 0.00202 0.000123 0 
Trophic levels sensu Lindeman (Christensen & Walters 2004) 
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Table B.13: Trophic level decomposition restored alosine biomass (RAB) model in absolute 
values (t/km2/year). 
Node  
RAB 
Group 
 name /  
Trophic  
level 
I II III IV V VI VII VIII IX X XI 
1 Phytoplankton 3637 0 0 0 0 0 0 0 0 0 0 
2 Bacteria 0 698.4 0 0 0 0 0 0 0 0 0 
3 Microzooplankton 0 599 167.3 0 0 0 0 0 0 0 0 
4 Copepods S 0 913.1 66.07 18.46 0 0 0 0 0 0 0 
5 Copepods L 0 699.5 121.3 12.93 2.047 0 0 0 0 0 0 
6 Gelatinous 
Zooplankton 
0 35.32 98.81 11.17 1.814 0.102 0 0 0 0 0 
7 Micronekton 0 316.9 289.2 42.2 5.483 0.616 0 0 0 0 0 
8 Macrobenthos 
polychaete 
0 191 58.74 9.662 1.447 0.193 0.0225 0 0 0 0 
9 Macrobenthos 
crustaceans 
0 75.52 45.76 9.331 1.386 0.196 0.0234 0.00171 0 0 0 
10 Macrobenthos 
mollusks 
0 87.41 26.2 2.311 0.351 0.0478 0.0057 0 0 0 0 
11 Macrobenthos 
others 
0 93.22 47.41 8.61 1.341 0.189 0.0236 0.00157 0 0 0 
12 Megabenthos 
filters 
0 44.14 5.345 0 0 0 0 0 0 0 0 
13 Megabenthos 
others 
0 13.41 23.34 5.144 0.839 0.127 0.0176 0.00211 0.00006 0 0 
14 Shrimp 0 5.31 8.085 1.405 0.223 0.0313 0.00389 0.000226 0 0 0 
15 Mesopelagic 0 0.0011 0.401 0.0823 0.0121 0.00154 0.000106 0.00001 0 0 0 
16 Atlantic herring 0 0 30.94 13.97 2.245 0.299 0.0291 0.000988 0 0 0 
17 Alosines 0 0 4.242 1.417 0.266 0.0304 0.0039 0.000305 0.000012 0 0 
18 Atlantic 
menhaden S 
0 18.45 11.3 1.917 0.152 0.0109 0 0 0 0 0 
19 Atlantic 
menhaden M 
0 10.93 10.83 1.838 0.145 0.0105 0 0 0 0 0 
20 Atlantic 
menhaden L 
0 1.244 2.039 0.346 0.0273 0.00197 0 0 0 0 0 
21 Anchovies 0 12.1 14.05 7.935 1.21 0.151 0.0174 0.000296 0 0 0 
22 Mackerel 0 0 1.145 0.787 0.272 0.0445 0.00578 0.000631 0.000026 0 0 
23 Squid 0 0 2.918 2.106 0.505 0.0842 0.0127 0.00148 0.000142 0 0 
24 Butterfish 0 0.19 0.637 0.813 0.116 0.0183 0.00174 0.000128 0.000009 0 0 
25 Small pelagics 0 0.00828 2.043 0.574 0.111 0.0129 0.00146 0.000113 0.000003 0 0 
26 Bluefish S 0 0 0.354 0.395 0.197 0.034 0.00475 0.0006 0.000043 0.000002 0 
27 Bluefish M 0 0 0.0527 0.1 0.0531 0.00927 0.00133 0.000162 0.000012 0.000001 0 
28 Bluefish L 0 0 0.0229 0.192 0.13 0.0265 0.00423 0.000555 0.000053 0.000004 0 
29 Striped bass S 0 0 0.848 0.653 0.23 0.0362 0.00489 0.000582 0.000034 0 0 
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30 Striped bass M 0 0 0.975 0.918 0.374 0.0684 0.0103 0.00136 0.00013 0.000009 0 
31 Striped bass L 0 0 0.294 0.42 0.183 0.0319 0.0046 0.000578 0.000049 0.000002 0 
32 Weakfish S 0 0 1.266 1.18 0.359 0.0529 0.00652 0.000607 0.000014 0 0 
33 Weakfish M 0 0 0.494 0.533 0.212 0.0335 0.00433 0.000479 0.000022 0 0 
34 Weakfish L 0 0 0.0283 0.0392 0.0169 0.00318 0.00045 0.000056 0.000004 0 0 
35 Dogfish S 0 0 0.269 0.525 0.161 0.0326 0.0047 0.000585 0.000059 0.000004 0 
36 Dogfish L 0 0 0.455 0.794 0.315 0.0617 0.00931 0.00116 0.000108 0.000007 0 
37 Atlantic cod S 0 0 0.319 0.219 0.0408 0.00615 0.000841 0.000092 0.000006 0 0 
38 Atlantic cod M 0 0 0.189 0.231 0.0775 0.0136 0.00202 0.00025 0.000021 0.000001 0 
39 Atlantic cod L 0 0 0.0832 0.207 0.0869 0.0165 0.00251 0.000317 0.00003 0.000002 0 
40 Haddock 0 0 0.93 0.685 0.163 0.0271 0.00381 0.000426 0.000031 0 0 
41 Hake 0 0 2.111 2.156 0.407 0.0674 0.00905 0.000688 0.000064 0 0 
42 Croaker 0 0 0.443 0.227 0.0557 0.0107 0.00171 0.000229 0.000023 0.000001 0 
43 Yellowtail 
flounder S 
0 0 0.11 0.0681 0.0129 0.00194 0.000266 0.00003 0.000002 0 0 
44 Yellowtail 
flounder L 
0 0 0.206 0.0956 0.018 0.00274 0.000371 0.000043 0.000002 0 0 
45 Summer flounder 
S 
0 0 0.106 0.172 0.0823 0.0162 0.00256 0.000345 0.000035 0.000003 0 
46 Summer flounder 
L 
0 0 0.142 0.57 0.349 0.0729 0.0116 0.00157 0.000164 0.000013 0 
47 Skate 0 0 1.797 1.586 0.485 0.0891 0.0137 0.0018 0.000185 0.000006 0 
48 Demersal 
benthivores 
0 0 1.369 0.79 0.17 0.0269 0.00381 0.000469 0.000035 0 0 
49 Demersal 
piscivores 
0 0 0.29 0.507 0.193 0.0388 0.00622 0.000846 0.000093 0.000007 0 
50 Demersal 
omnivores 
0 0 0.824 1.103 0.306 0.0572 0.00887 0.00123 0.00014 0.000005 0 
51 Medium pelagic 0 0 0.0188 0.112 0.0743 0.0149 0.00243 0.000323 0.000032 0.000003 0 
52 Coastal sharks 0 0 0.00315 0.011 0.00698 0.00183 0.000324 0.000047 0.000005 0.000001 0 
53 Pelagic sharks 0 0.00171 0.00254 0.0124 0.0108 0.00326 0.00059 0.000086 0.000011 0.000001 0 
54 Large pelagics 
(HMS) 
0 0 0.12 0.242 0.0985 0.0164 0.00217 0.00024 0.000014 0 0 
55 Pinnipeds 0 0 0.0453 0.156 0.0967 0.0216 0.00361 0.000487 0.000054 0.000005 0 
56 Baleen whales 0 0.0192 0.973 0.405 0.0806 0.0132 0.00159 0.000135 0.00001 0 0 
57 Odontocetes 0 0 0.871 3.389 1.873 0.405 0.0653 0.00884 0.000947 0.000091 0 
58 Seabirds 0 0 0.0197 0.0579 0.0287 0.0057 0.000873 0.00011 0.00001 0.000001 0 
59 Detritus 3125 0 0 0 0 0 0 0 0 0 0 
 
Total 6762 3815 1054 171.8 26.94 3.486 0.368 0.0349 0.00269 0.00017 0 
Trophic levels sensu Lindeman (Christensen & Walters 2004) 
Diet matrices 
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The Contemporary Alosine Biomass (CAB) model data source can be found above in 
the nodes’ documentation description. For Restored Alosine Biomass model diets were 
modified during the balancing process, allowing more predation on anadromous alosine group. 
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APPENDIX C 
GULF OF MAINE MODEL DOCUMENTATION AND SUPPLEMENTAL MATERIAL 
AND TABLES FOR CHAPTER 5 
The data used to build the Ecopath with Ecosim model was provided by Northeast 
Fisheries Science Center (NEFSC NOAA) bottom trawl survey, Atlantic States Marine 
Fisheries Commission (ASMFC) stock assessments, Virginia Institute of Marine Sciences 
(VIMS), Ecosystem Modelling Analysis eXercise (EMAX), and peer-reviewed publications, 
more detail at model documentation section.  
The EMAX project (Link et al. 2006, 2008) generated a comprehensive database for the 
four sub-regions of the Gulf of Maine. Scientists, from diverse disciplines such as physical 
oceanography, biology, and the social sciences, generated parameters for 31 functional groups 
within the region. Our Gulf of Maine model (GOM) expanded the EMAX project’s functional 
group resolution, sensu Link et al. (2006, 2008). We also employed the same time scale (year 
block 2000 covered the years1996 to 2000), and we incorporated stock assessment information 
for additional groups. 
Catch data were obtained at http://www.st.nmfs.noaa.gov/commercial-fisheries/index 
and http://www.st.nmfs.noaa.gov/recreational-fisheries/index. We summed species-specific 
landings from all the coastal states of Gulf of Maine ecoregion (Maine, New Hampshire and 
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Massachusetts), and aggregated gear types into seven distinct categories: dredge, trawl, traps, 
gillnets, purse seine, recreational, and other (gear that did not fit elsewhere). We used stock 
assessment data for managed species due to its superior resolution. Eight functional groups were 
divided into size classes to account for ontogenetic differences, using catch-at-age data from 
stock assessments to determine landings and discards. 
Diets for nodes 2-14, 16-17, 19, 21, and 37 to 46 were obtained from the EMAX GOM 
model (Link et al. 2006). For mesopelagic, Atlantic mackerel and butterfish (nodes 15, 18 and 
20) we used EMAX Georges Bank model (Link et al. 2006). For the fished species, nodes 23-
36, diet data was provided by NEFSC trawl surveys and through the VIMS fish food habits 
database, which includes diet data from the Northeast Area Monitoring and Assessment 
Program (NEMAP). Nodes 23-24, 26-30 and 32-35 were diet data from Maine, New Hampshire 
and Massachusetts, while nodes 25, 31 and 36 were from the adjacent states covered by 
NEMAP survey For functional groups divided into size classes, we used a size selectivity 
approach developed by Andre Buchheister and colleagues (Buchheister et al. 2017b, a) in 
parallel collaboration with our work. 
For each estimate, we resorted to the ensemble parametrization of classified source and 
data quality using the EwE pedigree. This technique generates a series of ecopath models using 
data pedigree to determine the confidence interval scoring for each point parameter (Aydin et al. 
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2007; Kearney 2012). Kearney’s createensemble method (Kearney 2017), part of the 
ecopath_matlab implementation, generated 10000 interactions for Biomass, PB and Q/B ratios,  
using the lognormal distribution with mean (x) and variance ([pedigree.x/2]2) (Figures C1 – 
C4). 
 
Figure C.1: GOM model biomass ensemble plot in absolute scale. 
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Figure C.2: GOM model biomass ensemble plot. For better visualization, the x-axis scale is 
logarithmic (base 10). 
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Figure C.3: GOM model P/B ratio ensemble plot. For better visualization, the x-axis scale is 
logarithmic (base 10). 
 
Figure C.4: GOM model Q/B ratio ensemble plot. For better visualization, the x-axis scale is 
logarithmic (base 10). 
 
Model documentation 
The model documentation applies for the GOM model (B, P/B, Q/B, and Diet) 
parameters. Ecotrophic efficiencies (EE) were calculated by the model.  
Node 1. Phytoplankton 
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Phytoplankton functional group parameters were obtained from EMAX GOM model 
balanced estimate (Link et al. 2006). Biomass was 22.13 mt.km-2, while P/B input was 163.1 yr-
1. Estimates were derived from in situ vertical profiles of chlorophyll a and SeaWiFS remote 
sensing data. Node specific calculations are found in Link et al.(Link et al. 2006).  
Node 2. Bacteria 
Bacteria biomass (3.45 mt.km-2) and P/B (91.25) were derived from EMAX models. P/Q 
(0.5 yr-1) was obtained from the EwE user guide (Christensen et al. 2008) and Heymans et al. 
(Heymans et al. 2016). We used diet data from the EMAX GOM model.  
Node 3. Microzooplankton  
The microzooplankton functional group includes protozoa, ciliates, flagellates, and 
larval stages of benthic invertebrates (meroplankton) (Link et al. 2006; Buchheister et al. 
2017b). Biomass (3.16 mt.km-2) and P/B (72 yr-1) were taken from EMAX balanced inputs, and 
Q/B (242.42 yr-1) was derived from the EMAX initial estimate.  
Nodes 4 and 5. Copepods S and L  
Small copepods comprise the stage I-IV copepodites of large copepod species, and the I-
VI copepodites stages of Centropages hamatus, Pseudocalanus spp., Temora longicornis, 
Paracalanus parvus, Nannocalanus minor, and Clausocalanus arcuicornis. Large copepod 
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species include V and VI copepodites stages of Calanus finmarchicus, Metridia lucens, and 
Centropages typicus. Parameters inputs are in Table C.1. Diet data were compiled as for Node 
2. 
Table C.1: Copepods groups data and data sources.  
Node Group name B (mt.km-2) Data source P/B (yr-1) Data source Q/B (yr-1) 
Data 
source 
4 Copepods S 9.87 
EMAX 
initial inputs 
30.92 
EMAX 
balanced 
outputs 
127.8 
EMAX 
initial 
inputs 
5 Copepods L 11.95 
EMAX 
balanced 
input 
35.0 
EMAX 
balanced 
outputs 
109.50 
EMAX 
initial 
inputs 
 
Node 6. Gelatinous zooplankton 
The gelatinous zooplankton functional group includes cnidarians, ctenophores, colonial 
siphonophores, and salps. Estimates were obtained from EMAX balanced outputs. Biomass was 
1.28 mt.km-2, P/B was 35 yr-1, and Q/B was 146 yr-1.  
Node 7. Micronekton 
The micronekton group is made up of large-bodied plankton falling within, or larger 
than the 5-10 mm range, including Amphipoda, Euphausiacea, Mysidacea, Decapoda, and 
Chaetognatha. Biomass (8.35 mt.km-2), P/Q (14.25 yr-1) and Q/B (36.5 yr-1) parameters were 
derived from EMAX balanced outputs (Link et al. 2006).  
Nodes 8 to 11. Macrobenthos (polychaete, crustaceans, mollusks, and others) 
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The macrobenthos groups were created according to Link et al. (Link et al. 2006). Input 
parameters and sources are described in Table C.2, while Table C.3 lists the taxa in each 
subgroup.  
Table C.2: Macrobenthos groups data and data sources.  
Node Group name B (mt.km-2) Data source P/B (yr-1) Data source Q/B (yr-1) Data source 
8 
Macrobenthos 
polychaete 
13.49 
EMAX initial 
input 
2.55 
EMAX 
balanced 
input 
17.5 
EMAX 
balanced 
input 
9 
Macrobenthos 
crustaceans 
1.83 
EMAX initial 
input 
3.3 
EMAX 
balanced 
input 
21 
EMAX 
balanced 
input 
10 
Macrobenthos 
mollusks 
4.49 
EMAX initial 
input 
2.24 
EMAX 
balanced 
input 
13.72 
EMAX 
balanced 
input 
11 
Macrobenthos 
others 
15 
Estimate 
started from 
EMAX initial 
input  
2.04 
EMAX 
balanced 
input 
11.78 
EMAX 
balanced 
input 
 
Table C.3: Macrobenthos groups and respective lists of taxa. 
Macrobenthos polychaete Macrobenthos crustaceans Macrobenthos mollusks Macrobenthos others 
Anobothrus gracilis Amphipoda unident. Aporrhais occidentalis Actinauge verrilli 
Aphrodita sp. Cirolana sp. Astarte crenata Ascidiacea 
Lumbrineris sp. Isopoda unident. Bivalvia unident. Brisaster fragilis 
Maldane sarsi Leptocheirus pinguis Buccinum undatum Cerianthus sp. 
Nephtys incisa Meganyctiphanes sp. Colus pubescens Echinarachnius parma 
Nephtys sp. Pagurus pubescens Colus pygmaeus Molpadia oolitica 
Onuphis opalina Pandalus propinquus Colus stimpsoni Ophiura sarsi 
Polychaeta unident. Politolana inpressa Cyclocardia borealis Pennatula aculeata 
Spio filicornis Politana polita Mytilus edulis Rhynchocoela 
Sternaspis fossor Unciola sp. Nucula sp. Schizaster sp. 
 
Nodes 12 and 13. Megabenthos filter feeders and other 
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Large-bodied benthic invertebrates fall in the megabenthos category. Megabenthos filter 
feeders include commercially exploited bivalves (Artica islandica, Mercenaria mercenaria, 
Placopecten magellanicus, and Spisula solidissima). Input parameters were estimated from 
EMAX models, as previously described. Biomass (1.4 mt.km-2) was derived from EMAX inputs 
(Link et al. 2006), using NEFSC clam surveys from 1997 and 1999. The P/B (0.86 yr -1) and 
Q/B (10 yr-1) ratios were derived from EMAX balanced estimates (Link et al. 2008). The other 
Megabenthos group includes sea stars and large arthropods, such as horseshoe crabs and 
lobsters (Table C.4). Biomass (3.03 mt.km-2) was estimated from the initial EMAX biomass 
input (NEFSC bottom trawl survey), P/B (1.68 yr-1) was calculated from EMAX balanced 
outputs, Q/B (11.03 yr-1) started as the EMAX Gulf of Maine model estimate but was modified 
during the balancing process.  
Table C.4: Megabenthos-other list of family, genus, and species. 
Megabenthos other 
Asterias forbesii Galatheidae Octopus vulgaris 
Asterias vulgaris Geryon affinis Ovalipes ocellatus 
Astropecten spp. Geryon fenneri Ovalipes stephensoni 
Calappa flammea Geryon quinquedens Paguristes erythrops 
Calappa sulcata Hepatus epheliticus Panulirus argus 
Callinectes sapidus Homarus americanus Portunus gibbesii 
Callinectes similis Leptasterias sp. Scyllarides aequinoctialis 
Cancer borealis Libinia dubia Scyllarides nodifer 
Cancer irroratus Libinia emarginata Solaster sp. 
Carcinus maenas Limulus polyphemus Squilla  
Chionoecetes opilio Lithodes maja Stomatopoda  
Node 14. Shrimp 
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This functional group includes a variety of species (Farfantepenaeus aztecus, 
Farfantepenaeus duorarum, Litopenaeus setiferus, Pandalus borealis, Pandalus spp., Pandalus 
montagui, Pandalus propinquus, Pasiphaea multidentate, Rimapenaeus constrictus). For 
biomass (0.36 mt.km-2) and P/B (2 yr-1) we started with EMAX output values, which were 
changed slightly during the balancing process (Link et al. 2008). The EMAX output for Q/B (5 
yr-1) remained the same for this group.  
Node 15. Mesopelagic 
The group includes lanternfishes (Myctophidae) and marine hatchefishes (Maurolicus 
sp.). The initial biomass estimate from the EMAX biomass input was increased during the 
balancing process to a final biomass of 0.2 mt.km-2. Uncertainty in the EMAX estimates 
prompted us to allow extra room for changes. For P/B (0.95 yr-1) and Q/B (1.85 yr-1) we used 
EMAX estimates from Georges bank model. 
Node 16. Atlantic herring 
Atlantic herring (Clupea harengus) support an important fishery in the Northeast US. 
Over many years, its population complex has undergone steep decline followed by quick 
recovery (Overholtz & Friedland 1998). We relied on data from NEFSC trawl survey and the 
Atlantic herring stock assessment (NEFSC 2012a). Biomass input estimate started at 7.98 
mt.km-2, however it was changed, as that estimate did not align with landing data. The result for 
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the balanced model was 12.99 mt.km-2. The P/B ratio was 0.37 yr-1 and the Q/B ratio was 1.97 
yr-1 was based on EMAX estimates (Link et al. 2008).  
Node 17. Anadromous alosine 
The anadromous alosine functional group encompasses American shad (Alosa 
sapidissima), as well as blueback herring (A. aestivalis) and alewife (A. pseudoharengus) 
known as river herring). Biomass (0.153 mt.km-2) from EMAX model. The estimate was based 
on NEFSC survey estimates, with catchability corrected for the 2000 year-block. We also used 
the balanced estimate from EMAX model for the P/B (0.43 yr-1) and the  Q/B (2 yr-1) ratios.  
Node 18. Atlantic mackerel 
Atlantic mackerel (Scomber scombrus) is a small schooling pelagic. Considered to be a 
forage fish today, it once supported a valuable fishery. We obtained the parameters for this 
functional group from the NEFSC surveys, with corrected catchability, for GOM and GB 
regions. The biomass estimate was 0.47 mt.km-2, using NEFSC trawl surveys. The P/B (0.52 yr-
1) and Q/B (3.82 yr-1) ratios were derived from the EMAX models’ commercial small pelagics 
functional group. 
Node 19. Squid 
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The squid functional group is composed of longfin inshore squid (Doryteuthis pealeii) 
and northern shortfin squid (Illex illecebrosus). Biomass initial input value of 0.118 mt.km-2 
from NEFSC trawl survey was changed during the balancing process, resulting on the final 
estimate of 0.3 mt.km-2 . The P/B (1.4 yr-1) and Q/B (2yr-1) ratios are from the EMAX models. 
Node 20. Butterfish 
The butterfish (Peprilus triacanthus) functional group parameter estimates were derived 
from various sources. The biomass estimate (0.14 mt.km-2) was based on NEFSC trawl surveys. 
The P/B ratio (1.27 yr-1) was obtained from stock assessments (NEFSC 2014a), while the Q/B 
ratio (1.97 yr-1) was the obtained from calculated from EMAX models weighted average for 
node 17.  
Node 21. Small pelagics 
The small pelagics functional group includes all other forage fishes with scarce data 
(Table C.5). Our initial biomass estimate, based on NEFSC survey data, but was changed during 
the balancing process (1.24 mt.km-2). The initial P/B estimate based on EMAX model estimates 
(0.84 yr-1). The Q/B ratio (2 yr-1) from EMAX model small pelagic groups.  
Table C.5. List of species included in the small pelagic functional group. 
Small pelagics 
Ablennes hians Opisthonema oglinum 
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Ammodytes americanus Osmerus mordax 
Ammodytes dubius Peprilus alepidotus 
Argentina silus Sardinella aurita 
Ariomma bondi Scomber japonicus 
Decapterus macarellus Scomberesox saurus 
Decapterus punctatus Scomberomorus cavalla 
Etrumeus teres Scomberomorus maculatus 
Menidia menidia Selar crumenophthalmus 
Mugil cephalus Selene setapinnis 
Mugil curema Trachurus lathami 
Node 2. Bluefish  
The bluefish (Pomatomus saltatrix) biomass was obtained from NEFSC stock 
assessments (SEDAR 2015) for all age groups combined resulting on a 0.19 mt.km-2 estimate. 
The P/B ratio was 0.35 yr-1 from NEFSC stock assessment. The Q/B ratios was 2.1 yr-1 
(Palomares & Pauly 1989).  
Nodes 23. Striped bass  
Striped bass (Morone saxatilis) biomass (0.012 mt.km-2) was obtained from NEFSC 
trawl survey estimate. The P/B ratio was 0.49yr-1. The Q/B ratio was set at 2.3 yr-1 (Christensen 
et al. 2009).  
Nodes 24 and 25. Dogfish S and L 
Nodes 24 and 25 refer to spiny dogfish (Squalus acanthias) multistanza groups. They 
were separated in two age/size groups (S = age 0-5, < 60 cm; and L = age 6+, > 60 cm) based on 
methods in Buchheister et al. (2017b) that consider changes in diet.  For the multistanza, we 
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provided the annual von Bertalanffy K parameter (0.11), the recruitment power (1.0), the weight 
at maturity as a fraction of weight at infinity (Wmat/Winf =0.29 ), and the total mortality for each 
stanza. We selected large dogfish as the leading group, with biomass of 2.24 mt.km-2, NEFSC 
estimate with 41% catchability correction (Sagarese et al. 2016). The Q/B ratio of 1.8 yr-1 from 
Bay of Fundy EwE model (Araújo & Bundy 2011). Diets for multistanza groups were 
calculated according to Buchheister et al. (Buchheister et al. 2017b). 
Nodes 26 to 28. Atlantic cod S, M and L 
Atlantic cod (Gadus morhua) functional group was divided into three age/size categories 
to account for ontogenetic shifts (S = age 0-1, ≤ 20 cm; M = age 2 – 3, 21 – 50 cm; and L = age 
4+, > 50 cm) based on Buchheister et al. (Buchheister et al. 2017b). Annual von Bertalanffy K 
parameter (0.17), the recruitment power (1.0), the weight at maturity as a fraction of weight at 
infinity (Wmat/Winf = 0.04), and the total mortality for each stanza (S = 0.87 yr
-1; M = 0.72 yr-1; 
and L = 0.98 yr-1, from stock assessment (NEFSC 2013a)). We selected large cod as the leading 
stanza group, with biomass of 0.55 mt.km-2 (NEFSC 2013a) and the Q/B ratio of 1.5 yr-1 from 
Bay of Fundy EwE model (Araújo & Bundy 2011).  Multistanza groups diet were calculated 
according to Buchheister et al. (Buchheister et al. 2017b).    
Node 29. Haddock 
The recognized importance of commercial fisheries for haddock (Melanogrammus 
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aeglefinus) stocks in Gulf of Maine (NEFSC 2014b) motivated us to assign the species its own 
functional group. Biomass was set at 0.68 mt.km-2, NEFSC survey estimates with corrected 
catchability. The P/B ratio was 0.45 yr-1 using balanced EMAX models weighted average input 
(Link et al. 2006). We applied a Q/B ratio of 0.9 yr-1, estimate for EMAX GOM model 
Nodes 30 and 31. Hakes S and L 
The hake functional group includes species from the genera Merluccius (M. albidus and 
M. bilinearis) and Urophycis (U. chuss, U. regia, U. tenuis). Annual von Bertalanffy K 
parameter (0.46), the recruitment power (1.0), the weight at maturity as a fraction of weight at 
infinity (Wmat/Winf = 0.22), and the total mortality for each stanza (S = 0.93 yr
-1; and L = 1 yr-1, 
from stock assessment (Araújo & Bundy 2011)). We selected small hake as the leading stanza 
group, with biomass of 1.69 mt.km-2 (NEFSC trawl survey) and the Q/B ratio of 3.85 yr-1 (Pauly 
1989). Multistanza groups diet were calculated according to Buchheister et al. (Buchheister et 
al. 2017b). 
Node 32. Yellowtail flounder  
For yellowtail flounder (Limanda ferruginea) the biomass estimate was 0.05 mt.km-2 
was based on NEFSC trawl survey. The P/B ratio was 0.67, we estimated by calculating 
abundance weighted fishing mortality for the 2000 year block (1996-2000). The Q/B ratio was 
2.9 yr-1 (Christensen et al. 2009) for summer flounder.  
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Node 33. Summer flounder  
Summer flounder (Paralichthys dentatus) biomass estimate started with NEFSC trawl 
survey estimate (0.01 mt.km-2), however it was increased during the balancing process resulting 
on 0.045 mt.km-2 final input. The P/B ratio (0.48 yr-1) was obtained from EMAX model. The 
Q/B ratio (2.9 yr-1,  Christensen et al., 2009)  
Nodes 34. Skates 
The skates functional group includes the following species Amblyraja radiata, Dipturus 
laevis, Leucoraja erinacea, L. garmani, L. oceallata, and Raja eglanteria. A biomass of 0.31 
mt.km-2, derived from NEFSC surveys with corrected catchability. The P/B ratio of 0.45 yr-1 
was estimated using the weighted average of the EMAX model estimates. The Q/B ratio, 0.9 yr-
1, EMAX GOM model’s demersal functional group (Link et al. 2006). 
Node 35. Demersal benthivores 
Remaining demersal species were grouped according to feeding niche: benthivores, 
piscivores and omnivores. The list of demersal species appears in Table C.6. The initial biomass 
input was based on NEFSC surveys (1.74 mt.km-2), however changes during the balancing 
process resulted in a final biomass of 2.45 mt.km-2. The P/B (0.45 yr-1) and Q/B (0.90 yr-1) 
ratios were generated from the EMAX model’s balanced inputs.  
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Table C.6: List of species included in the demersal benthivore functional group. 
Demersal benthivores 
Acipenser oxyrinchus Enchelyopus cimbrius Lycenchelys verrillii Pogonias cromis 
Alectis ciliaris Epigonus pandionis Lycodes reticulatus Polymetme thaeocoryla 
Anarhichas lupus Etmopterus princeps Macrorhamphosus scolopax Polymixia lowei 
Ancylopsetta ommata Etropus crossotus Macrourus berglax Polymixia nobilis 
Antigonia capros Etropus microstomus Macrozoarces americanus Pontinus longispinis 
Antimora rostrata Eucinostomus argenteus 
Malacocephalus 
occidentalis 
Porichthys plectrodon 
Archosargus 
probatocephalus 
Eumicrotremus spinosus Malacoraja senta Prionotus carolinus 
Artediellus sp. Gaidropsarus ensis Menticirrhus saxatilis Prionotus evolans 
Aspidophoroides 
monopterygius 
Gephyroberyx darwini Monolene sessilicauda Prionotus paralatus 
Astroscopus guttatus Glyptocephalus cynoglossus Morone americana 
Pseudopleuronectes 
americanus 
Bagre marinus Gobiosoma bosc Mullus auratus Rhinoptera bonasus 
Bairdiella chrysoura Gonostoma atlanticum Mustelus canis Saurida brasiliensis 
Balistes capriscus Gonostoma bathyphilum Myliobatis freminvillei Scophthalmus aquosus 
Bothus ocellatus Gonostoma elongatum Myoxocephalus aenaeus Sebastes fasciatus 
Brosme brosme Gymnachirus melas 
Myoxocephalus 
octodecemspinosus 
Selene vomer 
Caranx hippos Helicolenus dactylopterus Myoxocephalus scorpius Sphoeroides maculatus 
Careproctus ranula Helicolenus maderensis Nesiarchus nasutus Stenotomus chrysops 
Chauliodus danae Hemitripterus americanus Nezumia bairdi Synagrops bellus 
Chilomycterus schoepfii Hippoglossina oblonga Ogcocephalus corniger Synagrops spinosus 
Chlorophthalmus agassizi 
Hippoglossoides 
platessoides 
Ophidion grayi Tautoga onitis 
Chlorophthalmus sp. Hoplostethus occidentalis Ophidion marginatum Tautogolabrus adspersus 
Chloroscombrus chrysurus Howella sherborni Ophidion welshi Torpedo nobiliana 
Citharichthys arctifrons Lagodon rhomboides Opsanus pardus Trachinotus carolinus 
Coelorhynchus carminatus Larimus fasciatus Opsanus tau Trachinotus falcatus 
Cryptacanthodes maculatus Leiostomus xanthurus Orthopristis chrysoptera Triglops murrayi 
Dasyatis americana Lepophidium profundorum Otophidium omostigmum Trinectes maculatus 
Dasyatis centroura Liparis inquilinus Paralichthys oblongus Ulvaria subbifurcata 
Dasyatis sabina 
Lopholatilus 
chamaeleonticeps 
Parasudis truculenta Vinciguerria sp. 
Dasyatis say Lumpenus lumpretaeformis Peristedion miniatum Xenodermichthys copei 
Dibranchus atlanticus Lumpenus maculatus Poecilopsetta beani Zoarces americanus 
Node 36. Demersal piscivores 
Demersal piscivore biomass initial input was based on NEFSC surveys (0.58 mt.km-2), 
however the estimate was changed to accommodate the high fishing mortality final biomass 
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input was 1.0 year-1. The P/B (0.5 yr-1) and Q/B (1.2 yr-1) ratios came from the balanced outputs 
of EMAX models (Link et al. 2006). A list of demersal piscivores can be found in S7 Table C.7. 
Table C.7: List of species included in the demersal piscivore functional group.  
Demersal piscivores 
Centroscyllium fabricii Lutjanus apodus Pollachius virens 
Conger oceanicus Lutjanus buccanella Reinhardtius hippoglossoides 
Gymnura altavela Lutjanus campechanus Scyliorhinus retifer 
Gymnura micrura Lutjanus griseus Squatina dumeril 
Hippoglossus hippoglossus Lutjanus jocu Synodus foetens 
Lophius americanus Lutjanus vivanus Trichiurus lepturus 
Lutjanus analis Myxine glutinosa Urophycis chesteri 
Node 37. Demersal omnivores 
The initial biomass input of demersal omnivores was based on balanced EMAX GOM 
model (0.4 mt.km-2), which was increased during the balancing process to 0.45 mt.km-2. The 
P/B (0.45 yr-1) and Q/B (0.81 yr-1) ratios were generated from the EMAX models’ balanced 
outputs. A list of species of demersal piscivores can be found in Table C.8. 
Table C.8: List of species included in the demersal omnivore functional group. 
Demersal omnivores 
Abudefduf saxatilis Diplectrum formosum Opistognathus lonchurus 
Acanthurus bahianus Diplodus argenteus Opistognathus maxillosus 
Acanthurus chirurgus Diplodus holbrooki Pagrus sedecim 
Acanthurus coeruleus Dipturus olseni Parablennius marmoreus 
Aluterus heudelotii Dormitator maculatus Parahollardia lineata 
Aluterus monoceros Echeneis naucrates Paralichthys albigutta 
Aluterus schoepfi Echiophis punctifer Paralichthys lethostigma 
Aluterus scriptus Engyophrys senta Paralichthys sp. 
Anchoa lyolepis Epinephelus adscensionis Paralichthys squamilentus 
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Ancylopsetta dilecta Epinephelus drummondhayi Paranthias furcifer 
Ancylopsetta quadrocellata Epinephelus flavolimbatus Peristedion gracile 
Anguilla rostrata Epinephelus guttatus Pholis fasciata 
Anisotremus virginicus Epinephelus inermis Pleuronectidae 
Apogon aurolineatus Epinephelus morio Pleuronectiformes 
Apogon maculatus Epinephelus mystacinus Polydactylus octonemus 
Apogon pseudomaculatus Epinephelus nigritus Pomacanthus arcuatus 
Argentina striata Epinephelus niveatus Pomacentrus leucostictus 
Ariomma melanum Epinephelus striatus Pomacentrus variabilis 
Ariomma regulus Equetus acuminatus Pontinus rathbuni 
Astroscopus y-graecum Equetus lanceolatus Priacanthus arenatus 
Balistes vetula Equetus punctatus Priacanthus cruentatus 
Bathygobius soporator Equetus umbrosus Prionotus alatus 
Bathyraja spinicauda Etheostoma nigrum Prionotus longispinosus 
Bellator brachychir Etmopterus gracilispinis Prionotus ophryas 
Bellator egretta Etmopterus hillianus Prionotus roseus 
Bellator militaris Etropus rimosus Prionotus rubio 
Bembrops gobioides Eucinostomus gula Prionotus scitulus 
Bodianus pulchellus Fistularia tabacaria Prionotus stearnsi 
Bothus lunatus Foetorepus agassizi Prionotus tribulus 
Bothus robinsi Gastropsetta frontalis Pristigenys alta 
Brama brama Gempylus serpens Pristipomoides aquilonaris 
Breviraja plutonia Gobiesox strumosus Pseudupeneus maculatus 
Calamus bajonado Gymnothorax saxicola Raja ackleyi 
Calamus calamus Haemulidae Raja texana 
Calamus leucosteus Haemulon aurolineatum Rhomboplites aurorubens 
Calamus nodosus Haemulon carbonarium Ruvettus pretiosus 
Calamus penna Haemulon plumieri Rypticus bistrispinus 
Calamus proridens Haemulon striatum Rypticus subbifrenatus 
Canthidermis sufflamen Halichoeres bathyphilus Scarus coeruleus 
Canthigaster rostrata Halichoeres bivittatus Schultzea beta 
Caranx crysos Halichoeres caudalis Sciaenops ocellatus 
Carcharhinus altimus Halichoeres poeyi Scorpaena agassizi 
Carcharhinus isodon Halichoeres radiatus Scorpaena brasiliensis 
Carcharhinus longimanus Harengula jaguana Scorpaena calcarata 
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Carcharhinus perezii Hemanthias aureorubens Scorpaena dispar 
Carcharhinus porosus Hemanthias vivanus Scorpaena grandicornis 
Carcharhinus signatus Hemipteronotus novacula Scorpaena plumieri 
Caulolatilus chrysops Hippocampus erectus Seriola fasciata 
Caulolatilus cyanops Holacanthus bermudensis Seriola zonata 
Caulolatilus intermedius Holacanthus ciliaris Serraniculus pumilio 
Caulolatilus microps Holacanthus tricolor Serranus annularis 
Centropristis ocyurus Holanthias martinicensis Serranus atrobranchus 
Centropristis philadelphica Hyperoglyphe perciformis Serranus baldwini 
Centropristis striata Hypleurochilus geminatus Serranus notospilus 
Centroscymnus coelolepis Hypsoblennius hentz Serranus phoebe 
Chaetodipterus faber Hypsoblennius ionthas Serranus subligarius 
Chaetodon aculeatus Kathetostoma albigutta Sparisoma radians 
Chaetodon aya Kyphosus sectatrix Sphoeroides dorsalis 
Chaetodon capistratus Lachnolaimus maximus Sphoeroides nephelus 
Chaetodon ocellatus Lactophrys bicaudalis Sphoeroides pachygaster 
Chaetodon sedentarius Lactophrys polygonia Sphoeroides spengleri 
Chaetodon striatus Lactophrys quadricornis Sphoeroides testudineus 
Chaetodontidae Lactophrys trigonus Sphyraena barracuda 
Chascanopsetta lugubris Lactophrys triqueter Sphyraena borealis 
Chasmodes bosquianus Laemonema barbatulum Sphyraena guachancho 
Chaunax stigmaeus Lepidocybium flavobrunneum Sphyrna media 
Chilomycterus antillarum Lobotes surinamensis Stellifer lanceolatus 
Chilomycterus atinga Lutjanus synagris Stenotomus caprinus 
Chromis enchrysurus Macroramphosus scolopax Syacium gunteri 
Chromis insolata Malacanthus plumieri Syacium micrurum 
Citharichthys arenaceus Menticirrhus americanus Syacium papillosum 
Citharichthys cornutus Menticirrhus littoralis Symphurus civitatus 
Citharichthys gymnorhinus Monacanthus ciliatus Symphurus diomedianus 
Citharichthys macrops Mugil gyrans Symphurus marginatus 
Citharichthys sp. Mugil liza Symphurus minor 
Citharichthys spilopterus Mustelus norrisi Symphurus plagiusa 
Clepticus parrae Mycteroperca bonaci Symphurus pusillus 
Cookeolus japonicus Mycteroperca interstitialis Symphurus urospilus 
Cryptotomus roseus Mycteroperca microlepis Syngnathus fuscus 
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Cubiceps pauciradiatus Mycteroperca phenax Trachyscorpia cristulata 
Cyclopsetta fimbriata Mycteroperca venenosa Triakis semifasciata 
Cynoscion arenarius Myliobatis goodei Upeneus parvus 
Cynoscion nebulosus Myoxocephalus quadricornis Uranoscopidae 
Cynoscion nothus Narcine brasiliensis Uraspis secunda 
Dactylopterus volitans Neomerinthe hemingwayi Urolophus jamaicensis 
Dasyatis violacea Nicholsina usta Xenocephalus egregius 
Decodon puellaris Ocyurus chrysurus Xenolepidichthys dalgleishi 
Diodon holocanthus Ogcocephalus radiatus 
 
Diodon hystrix Ophidion beani 
 
Diplectrum bivittatum Ophidion selenops  
Node 38. Medium pelagic 
The medium pelagic functional group includes Atlantic bonito (Sarda sarda), cero 
(Scomberomous regalis), and cobia (Rachycentron canadum). Biomass for the group was 0.02 
mt.km-2, based on EMAX GOM model. The P/B (0.64 yr-1) and Q/B (1.42 yr-1) ratios were 
generated from the EMAX GOM model’s balanced input. 
Node 39. Pelagic sharks 
The pelagic shark node includes blue sharks (Prionace glauca), great white sharks 
(Carcharodon carcharias), hammerheads (Sphyrna spp.), makos (Isurus spp.), porbeagles 
(Lamna lewini), and thresher sharks (Alopias vulpinus). The input biomass(0.003 mt.km-2), P/B 
(0.15 yr-1), and Q/B (0.62 yr-1) ratios were obtained from weighted averages of EMAX GOM 
model (Link et al. 2006).  
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Node 40. Large pelagics (HMS) 
The large pelagics group represents highly migratory species (HMS) such as tunas 
(Thunnus sp.), billfish (members from Istiophoridae family), and swordfish (Xiphias gladius). 
Our parameters were based on the EMAX model highly migratory species node. Final biomass 
output was 0.0183 mt.km-2, P/B was 0.5 yr-1, and Q/B 2.36 yr-1(Link et al. 2006).  
Node 41. Pinnipeds 
The node representing seals includes harbor seals (Phoca vitulina), gray seals 
(Halichoerus grypus), harp seals (Pagophilus groenlandicus), and hooded seals (Cystophora 
cristata). The biomass 0.06 mt.km-2, P/B was 0.07 yr-1, and Q/B 4.8 yr-1 (Link et al. 2006).. 
Node 42. Baleen whales 
Fin whales (Balaenoptera physalus), sei whales (B. borealis), minke whales (B. 
acutorostrata), humpback whales (Megaptera novaeangliae), and right whales (Eubalaena 
glacialis) form this functional group. Biomass was 0.60 mt.km-2, P/B was 0.04 yr-1, and Q/B 2.3 
yr-1 (Link et al. 2006).  
Node 43. Odontocetes 
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This functional group includes beaked whales (Mesoplodon spp.), bottlenose dolphins 
(Tursiops truncatus), common dolphins (Delphinus delphis), dwarf sperm whales (Kogia spp.), 
harbor porpoises (Phocena phocena), pilot whales (Globicephala spp.), Risso’s dolphins 
(Grampus griseus), sperm whales (Physeter macrocephalus), spotted dolphins (Stenella 
coeruleoalba), and white-sided dolphins (Lagenorhynchus acutus). Biomass was 0.03 mt.km-2, 
P/B was 0.04 yr-1, and Q/B 8.5 yr-1 (Link et al. 2006).  
Node 44. Seabirds 
Seabirds included black-legged kittiwakes (Rissa triactyla), Cory’s shearwaters 
(Calonectris diomedae), great black-backed gulls (Larus marinus), greater shearwaters 
(Puffinus gravis), herring gulls (Larus argentatus), laughing gulls (Larus philadelphia), 
northern fulmars (Fulmarus glacialis), and northern gannets (Sula bassanus). Biomass was 
0.003 mt.km-2, P/B was 0.27 yr-1, and Q/B 5.3 yr-1 (Link et al. 2006).  
Node 59. Detritus 
Detritus accounts for both dissolved and particulate organic carbon (DOC and POC). 
The parameters for this node were based on the weighted averages of EMAX model estimates. 
In Ecopath with Ecosim, biomass is the only input estimate for the detritus group, which was 
81.33 mt.km-2. 
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Diet matrix 
The diet data source was described in the beginning of the document, Table C.9 refers to the 
diet proportion of all GOM model’s nodes. 
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Table C.9: Gulf of Maine model diet composition matrix. 
Node Prey \ predator 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
1 Phyto 0.431 0.232 0.750 0.633 0.085 0.178 0.125 0.135 0.400 0.202 0.791 
 
0.075 
 
0.011 0.012 
   
0.166 
2 Bacteria 
 
0.197 
  
0.030 
 
0.296 0.138 0.195 0.229 0.119 0.178 0.447 
       
3 Microzoop 
 
0.077 0.070 0.040 0.050 
               
4 Copepod-S 
  
0.030 0.110 0.327 0.150 
 
0.004 
     
0.124 0.006 0.055 0.310 
 
0.025 0.081 
5 Copepod-L 
   
0.128 0.357 0.359 
 
0.018 
     
0.012 0.550 0.890 0.000 0.101 0.000 0.676 
6 Gel zoop 
   
0.024 0.048 
         
0.020 
 
0.021 
 
0.452 0.022 
7 Micronekton 
     
0.130 0.060 0.065 0.034 0.067 
 
0.000 0.151 0.191 0.232 0.020 0.390 0.503 0.100 0.044 
8 Macrob-poly 
      
0.027 0.135 
 
0.069 
 
0.142 
 
0.102 0.021 0.002 0.002 
 
0.017 
 
9 Macrob-crus 
   
0.000 
  
0.002 0.013 
 
0.005 
 
0.018 0.008 0.558 0.032 0.002 0.117 0.151 0.280 0.001 
10 Macrob-mol 
      
0.001 0.022 0.004 0.012 
 
0.135 
  
0.008 
 
0.000 
 
0.002 0.001 
11 Macrob-oth 
   
0.000 
  
0.022 0.135 0.022 0.016 
 
0.330 0.105 
 
0.012 
 
0.000 0.017 0.005 0.002 
12 Megab-fil 
      
0.001 0.005 0.003 0.001 
 
0.006 
        
13 Megab-oth 
      
0.001 0.004 0.001 0.007 
 
0.001 
 
0.009 
  
0.000 
 
0.000 
 
14 Shrimp 
            
0.001 
  
0.020 0.042 0.024 0.001 
 
15 Mesopel 
                    
16 Atl. herring 
    
0.000 
           
0.003 0.008 
  
17 Alosine 
    
0.000 
            
0.001 
  
18 Atl. mackerel 
                    
19 Squid 
    
0.000 
           
0.000 0.021 0.009 
 
20 Butterfish 
                
0.006 
   
21 SmPel 
    
0.000 
           
0.000 0.008 
  
22 Bluefish 
                
0.009 
   
23 Sbass 
                    
24 Dogfish-S 
                    
25 Dogfish-L 
                    
26 Cod-S 
                    
27 Cod-M 
                    
28 Cod-L 
                    
29 Haddock 
                    
30 Hake-S 
                    
31 Hake-L 
                    
32 Yflound 
                    
33 Sflound 
                    
34 Skate 
                    
35 Dembenth 
       
0.001 
 
0.001 
 
0.003 
    
0.001 
   
36 Dempisc 
         
0.000 
 
0.000 
    
0.004 
   
37 Demomni 
         
0.000 
 
0.002 
    
0.003 
   
38 Mdpel 
                    
39 Sharkpel 
                    
40 HMS 
                    
41 Pinniped 
                    
42 Bwhale 
                    
 196 
 
 
43 Odonto 
                    
44 Seabirds 
                    
45 Detritus 0.569 0.494 0.150 0.065 0.103 0.183 0.466 0.325 0.340 0.390 0.090 0.184 0.212 0.003 0.108 
 
0.091 0.168 0.107 0.007 
46 Import 
                    
47 Sum 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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